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THE  NOH-DE^rrHUCT^VE  HEASUKEMENT  OF  RESIDUAL  !ITRESSF!I 

I Kotvol 


4.1.1  RESIDUAL  STRESSES  AND  THEIR  IMEORTANCE 

4.1.1. 1 Dr<Wilt.  ..  t>r  RctidMl  StttMn 

RcMtiusI  slrcsKit  au  •ktinod  all  ;iir«nc!i  acting  in  a body  whon  all  »orfavo.4  atv  unlt>ailvO  and  brnty  foiw<i  arc 
abicni.  RcMtIlinjt  f«nw!>  amt  mumcnix  on  the  b'xly  from  ivaHloal  slivnes  are  rer\«.  RoMdual  «ltv<uieN  are  divided  into 
elasuies  axec'^nlinii  to  the  ranpe  over  which  they  are  in  e«tuilibriuin.  In  I'nplith  literature  it  iv  a common  practice  to 
divide  reMdual  stre»M.'!t  into  microvtresaes  and  macrostresaev.  micfOiitte!t!ir!t  briny  defined  aa  atreu  systenu  which  arc 
in  equilibrium  over  distannev  of  the  order  of  several  jtrain  diameten  and  d»  wn  to  atomic  dislaniec.  while  macro* 
stresses  an  in  equilibrium  over  macnvscopic  distances.  In  (ierman  literatun*  it  has  been  civmmon  practice  to  use  a 
still  finer  division  for  mkrostresses.  as  illustrated  in  l i|ton'  I t taken  from  Relen'iice  I i.  Stnsses  which  an  in  equili- 
brium over  several  (train  diamenrs  an  called  stnsses  of  the  .2nd  kind.  Sinsses  which  an  in  etpiilibrium  within  the 
(trains  an  called  stnsMes  of  the  .Ini  kind,  and  stnsses  which  an  in  equilibrium  over  atomic  distances  an  called  slnssi's 
of  the  4th  kind.  However,  the  tnnd  is  to  dnip  this  fine  division  K'cause  of  the  diiYiculties  involved  in  toe  definition 
and  separate  measunment  of  difionnt  kinds  of  microstnsses. 


Fip.l  IX'finition  of  residual  stns.ses  of  diffenni  kinds.  .After  iViter* 


The  pnsent  chapter  treats  onl>  the  non-destructive  measunment  of  macro-nsidu.  I stresses.  Micmstnsscs  are 
only  considend  in  so  far  they  cause  errors  in  the  measunment  of  macru-nstdual  stnss. 

At  the  bepinninj!  of  the  present  centurv.  all  residual  stresses  a ere  considered  to  be  daneerouN  to  the  material 
and  were  avoided  where  possible  by  stnss  relieviu):  heat  treatment.  Nowadays  it  is  rccojjni/ed  that  residual  stresses 
may  be  either  beneficial  or  detrimental.  de[vndinp  on  their  siitn  and  distribution  and  it  has  Ivcome  common  mdustnal 
practice  to  induce  beneficial  residual  stnvses  in  the  surfaces  of  hiphly  loaded  membc'rs. 

In  many  ways  macio-residual  stresses  innueiice  material  pre.ivrties  in  the  s.ime  wav  as  the  mean  value  of  a 
loadinp  stnss.  Tiiere  is  no  difference  in  the  nature  of  residual  stress  and  mean  stress  and  their  effects  on  material 
properties  are  additive.  However,  tf  en  may  be  a difference  in  stability  durinp  the  lifetime  of  a specimen  because 
the  nsidual  stnvses  may  fade.  This  pronlem  win  fe  leturned  to  later. 


4T4 


Hw  cfT«vl  of  micro-fniduai  Mmw*  on  ma.'«rial  |OOf«rtin  hai  not  yti  boen  solved.  Thii  d hectuw  mkrostreMn 
(tV  cteaied  in  pnKessev  which  alio  woHt  harden  the  malenai.  makinii  it  imponihtc  to  ^parale  the  efrecti. 

The  non-deitroctivy  deiecimn  and  meawrernent  of  retiduai  slnruei  is  almost  ciciusively  Jot,?  h>  the  s-ray  diftrav 
lion  method,  which  therefore  will  dominate  this  chapter.  However,  some  progress  has  recently  twen  made  in  an 
ultpnonic  residual  dress  measuring  method  and  in  the  KnoofHliainond  indentation  method.  The  •:r1'‘ciples  of  the 
letter  two  methods  wdl  thereTore  he  outlined  md  the  espertinental  dinkulties  will  hr  discussed. 

4.1. 1.2  Effect  of  Maun  Sima  on  Padgue  Smngtli 

Kor  over  100  years  it  ha.s  been  well  known  that  vartaMe  sireiscs  may  ;ause  cracks  in  a structure,  even  if  the 
dresaes  are  well  helow  the  yield  poini.  This  phenomenon  was  I'rrmed  fatigue.  Since  then  there  I ts  been  an  ewr 
incteaiang  effort  to  prevent  failures  hy  fatigue.  One  cd  the  succeidul  ways  of  incrcusing  fatigue  strength  has  iKen 
found  to  he  the  introduction  oi  compresdre  residual  dmsses  in  surfaces  of  highly  loaded  members.  To  understand 
why  compressive  residual  dresses  are  heneHcial  let  ui  study  the  effect  of  mean  stresses  on  fatigue. 
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Tig. 2 n»e  ertect  of  mean  strv'ss  on  the  fatigue  limit  of  vanou>  i 
and  aluminium  alloyc.  Alter  Tonred* 


In  Tigure  - results  from  tests  on  steels  and  aluminium  alloys  with  dilTerv'nt  mean  stn>sses  are  plottcil.  The  data 
have  been  collected  by  Tom'st^  fnnn  dilYerent  sources,  u,  is  the  strv'ss  amplitude  at  the  fatigue  limit.  u,„  is  the 
meiiii  stress  and  is  the  yield  stress.  The  figure  clearly  sliows  how  a compn.'ssive  mean  stress  increass's  ilu  ivrmis. 
sihle  stress  amplitude,  while  a tensile  mean  stress  lowers  the  fitipue  strenyih.  The  stress  conditions  for  the  tests 
Si, own  ill  Tigure  - were  uniaxial  and  the  specimens  were  innolchcd 

4. 1.1. 3 Effect  of  Mean  Stress  *w  Stress  Comwron 

Stress  arnrosion  is  the  accelerated  formation  of  cracks  when  a material  is  loaded  with  static  tensile  stressi's  and 
at  the'  same  time  is  attacked  by  a corrosiw  medium.  Accordirg  to  ( hampion*  susceptibility  of  a metal  to  stress 
corrosion  implies  a greater  deterioration  in  the  mechar^al  properties  of  the  material  through  the  stmuliamunis  action 
of  a static  tensile  stress  and  eyixvsure  to  a corrosive  environment  than  wxvuld  iveur  hy  the  sc'narale  but  additive  action 
of  those  agencies.  Most  metals  and  alloys  are  susceptible  to  this  form  of  conosion.  Stiess  corrosion  cracks  make 
the  material  fatigue  darnaw  .sensi  ive  bsvaus^'  of  the  stress  v-oncentration  factor  at  the  crack  tip. 

Tigure  shows  typical  re-ulls  from  stn-'ss  corrosion  tests  on  an  aluminium  alloy  in  Nat'i  solution  I'Huid  by 
llelfricli*.  The  ahscis.sa  in  Tigure  3 is  the  time  to  total  failure.  It  is  evident  that  a th^shold  stress  exists  K'low  which 
stre.ss  cxinosjon  cracking  does  not  take  pUs'c.  Below  the  threshold  strx'ss  nonriat  corrosion  ivcurs.  The  thre'shold 
siivss  is  teinpeiature  dependent  and  depemdent  on  material  and  corrosiw  medium.  So  far.  corrvlatkvii  K'lween 
laboratory  tests  and  service  life  has  not  Ix'en  ginvu  Threshold  values  detennined  in  the  laboratory  are  therefore  not 
likely  to  be  use'ful  as  guidelines  for  the  inspector.  However,  wheneve;  a tensile  residual  stress  is  measured  in  the 
surface  c'f  a material  that  is  known  to  be  stress  coruision  susceptible,  the  risk  of  stress  corrosion  era.  ks  should  be 
considered. 


m*dton  toilu'*  mm 
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4,!  , 2 PRINtmtS  OF  RFSIlHtAL  STRFSS  Ft)RMATION 

This  svvtion  Jc'*v'rihc>  pr\*c\'v%'»  b\  'ArhK'h  tcMihul  sirc'^ov  aro  vivaiti'*!.  Ii  is  Uuis  aUo  4 list  o(  |m»wi'\si-\  nilti'sv' 
l>rv'wncc  is  to  ho  souitlU,  atui  max  bs'  vIs'lsMs'xl  b>  rx'sixtiial  strx-vs  iiH'aMirins  i*k-iIu*iIs 

4.1.2. 1 riutk  IVfotmartun  in  Rrykint  with  Strv»  (iraitimls 

.As  an  illiixtratixc  o\am|>lo  oi  !u>»  ^'sHltlal  sirossos  arx-  lixriiuHl  bj,  pUsHs  vlcliymaltoii.  b>t  i.,  Uh>K  at  an  imiiall> 
xtri'ss  tree  K'am  bxaJs'si  in  iKndini!  at.sl  let  us  sins;x»»c  the  nuicnal  has  Iho  '*x>riin|.>  simo  of  l iiiiirv'  4 Wfun  tlu- 
moms'nt  is  stna'i  ths'  stress  Uistribuiion  is  linear  as  shs'wn  in  I ijiiro  5(a>  With  iiKioasini!  ivonunt  the  stresses  in  the 
iipps'r  anJ  the  lower  siirlasvs  reach  the  tensile  ami  the  comi'rx'ssixe  xiehl  sl^>ss  rssr'eclixelx  ion  the  tensile  siste  lh> 

^l^'ss  IS  noxe  at  |H'int  A in  l'i):im'  4i  M a still  lareer  imnnen:  the  material  .leMs  at  the  siiriasvs.  anU  the  iletoiinalton 
IS  ^ixemexi  b>  the  cimslitions  that  plane  cnxss  ssvtions  rx'inain  plane  anil  them  is  iHjiiilibriiim  o|  moments  aiu!  stresses. 
■At  the  larfesi  benJinj  moment.  M;  , applieJ.  the  stress  ilistribotion  max  be  like  the  liillx  Jravm  line  in  l ieiire  5 
It  we  lixok  at  l-'iiiiire  4.  the  material  in  the  tensile  suriace  max  now  haxe  rvaelu'.l  isi'int  H The  ila'heil  line  n 
I'lpurv  5tbt  imlicats's  the  sJress  ilistrtbiition  it  the  material  had  K'haxed  elastieailx,  niirine  unloailiiii!  the  nuierial 
behaves  elastically.  ro||owiii|!  the  line  Rl"  in  T'lisiire  4 Thus,  to  obtain  the  resiiliini:  rvsulnal  stress  ilisiiibiition, 
shown  in  Kiuiire  5tct.  we  have  to  subtract  the  dashi'd  lim'  fisnii  the  lullx  drawn  line  ot  iTpiire  5(bi.  .Alter  miloadiii);, 
the  upper  and  the  lower  siirl'ace  contain  coinptvssixc  and  tensile  re-adoal  stresses,  eespectixelv , i.e  the  residual  'tresses 
created  by  plastic  bendinjareol  opposite  snsn  to  the  loadiii):  strcssi's.  This  remit  is  eenerallx  xalid  also  lor  other  kinds 
oi  plastic  loading. 

The  iniiHxrtant  thinp.  to  imtice  heiv  is  that  it'  the  beam  iater  is  latipiie  loaded  with  ii’onienis  smaller  than  and  in 
the  same  direction  as  the  larj\'si  preload  moment,  then  the  nusimum  stresses  in  the  surlaces  will  K'  smuder  than  it 
no  preload  had  been  apidied.  K-cause  the  res.dual  stresses  subtract  Irom  the  loading  stressi's.  This  leads  to  .m  nnproxe- 
ment  in  t'atipue  strenttlh.  Conxerselx.  a tatipiie  Kudinp  moment  directed  op(sosiie  to  the  preload  moment  will  show 
a lower  iatipiie  sirenpth,  bs-eausi,'  the  re  ide  d siresss's  add  to  the  loadinp  stresses. 

The  pnnciple  of  applyiiV)!  a static  overload  when  the  latwue  hvidmii  is  unidirx'clional  is  usid  m pnvesses  like 
strelchinp  of  notched  details  and  presetiinp  of  spnnits.  Hi'sides  iniroducinp  eompix'ssne  residual  stressi's  m hiphlx 
lixaded  areas,  a further  adxartaire  is  obtained  compared  to  a mn'-treated  s|H'eimen  if  tlv  specimen  contained  tensile 
residual  stresses  in  the  as-fabncals'd  state.  Such  tensile  stresses  disapiH'ar  when  xieldinp  take  place. 

So  far.  only  static  overloads  with  essi-ntiallx  the  same  kind  of  loadine  as  the  tatipiie  load  haxe  K-eii  sonsulere.l 
,As  the  fatipue  process  is  usuallx  coneentrated  m the  surface,  various  metluMs  have  Iven  adopted  vvhuh  introduce 
compressive  residual  stressi-s  locallv  at  hi>;hlv  hv.ded  areas  ot  the  surface,  Anione  these  metluvis  max  be  ii'entioned 
(It  Shot-ivenmi!.  m which  the  surface  is  Ivomfsirded  with  small  pieces  ot  steel,  I'l  Strain  peemne,  where  the  spemiun 
surface  is  Itvaded  in  tiiision  while  a slv't-iveninp  treatment  is  earned  out,  so  that  hicher  lompiessive  residual  siresses 
are  obtainable  in  the  diivction  of  the  tensile  load,  1 Ti  fold  rolhne,  in  which  a toller  under  pressure  is  loreed  over 
the  surface,  and  (4i  Sire"  eoinuii!.  which  o a niethi>d  of  plastie  eold  workinp  the  material  around  lu'les  in  a 
struct  lire' 
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In  each  of  these  methods  the  surface  material  is  loaded  locally  beyond  the  tri-axial  yield  stress.  Unloading  takes 
place  elastically  in  Hhe  same  way  as  the  stresses  on  the  tensile  si  ie  of  the  bending  example  (Fig.5),  and  a compressive 
residual  stress  results.  Figure  9 shows  the  residual  stress  distribution  after  shot-peening  and  strain-peening  measured 
by  Mattson  and  Roberts*  on  SAE  5160  spring  steel.  A static  tensile  load  of  60%  of  the  yield  stress  in  the  strain- 
peening  treatment  doubles  the  residual  stress  compared  to  coaventional  shot-pecning.. 
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Fig.6  Residu?.!  stress  distribution  t .-low  the  surface  of  shot-peened  and 
strain-peened  specimens.  After  Mattson  and  Roberts* 


Fabrication  processes  like  machining,  grinding,  polishing  and  cold  drawing  produce  residual  stresses  in  essentially 
the  same  way.  From  the  scant  data  available  it  seems  that  shapering,  lathe  machining,  griding  and  cold  drawing  are 
processes  that  may  produce  tensile  residual  stresses  at  or  near  the  surface.  Figures  7-10  show  examples  of  such 
dangerous  tensile  residual  stresses  taken  from  the  literature.  These  residual  stress  distributions  should  only  be  taken 
as  guide  lines.  Large  variations  occur,  depending  on  the  degree  of  cold  work  and  depth  of  cold-worked  material. 

4. 1.2.2  Temperature  Gradients 

If  the  cooling  rates  of  surface  material  are  sufficiently  higher  than  tbat  of  the  center  material,  rcsi'^ual  stresses 
build  up  after  heat  treatments.  Figure  1 1 shows  schematically  changes  in  the  longitudinal  residual  stress  during 
symmetrical  cooling  of  a lorg  cylindrical  rod.  It  is  assumed  that  no  phase  changes  take  place,  the  residual  stresses 
therefore  being  a result  only  of  uneven  thermal  contraction.  First  the  surface  cools  off,  while  the  center  is  still  hot. 
This  creates  tensile  stresses  in  the  surface  balanced  by  ,npressive  stresses  in  the  center  (the  stress  distribution  at 
time  ti  in  Figure  1 1).  When  the  center  starts  cool;  off,  the  stress  difference  between  surface  and  center  decreases 

and  then  changes  sign,  because  the  cold  surface  hinders  the  thermal  contraction  of  the  center.  Finally  a stress  state 
as  shown  for  time  tj  is  reached.  The  maximum  stresses  will  usually  be  somewhat  less  than  the  yield  stress. 

At  welds,  residual  stresses  are  created  by  the  same  mechanism.  Figure  12  shows  residual  stresses  around  a butt 
weld.  The  stress  parallel  to  the  weld  is  tensile  in  the  weld  and  in  the  material  immediately  adjacent  to  it.  This  tensile 
stress  is  balanced  by  compressive  stresses  away  from  the  weld.  Near  the  edges  the  parallel  stresses  obviously  reduce 
to  zero.  The  transverse  stress  in  the  weld  is  tensile  near  the  center  a’  compressive  near  the  weld  ends. 

Spot  heating  is  a method  of  improving  fatigue  strength  which  relies  on  the  residual  stresses  created  during 
cooling.  If  a structure,  preferably  a plate,  is  heated  locally  and  then  allowed  to  cool,  a residual  stress  distribution 
around  the  center  of  heating  develops.  Figure  13  (taken  from  Reference  11)  shows  schematically  the  resulting  stress 
pattern.  The  idea  is  to  make  use  of  the  balancing  compressive  tangential  stress  which  is  created  a small  distance 
away  from  the  center.  Figure  14  show  the  correct  position  for  spot  heating  and  the  effect  on  fatigue  life. 

The  Gunnert  method  is  another  means  of  introducing  residual  stresses  to  improve  fatigue  strength.  Here  the 
place  to  be  treated  is  heated  for  a longer  period  than  in  spot  heating  in  order  to  get  high  temperature  also  in  the 
underlying  layers.  The  surface  is  then  quenched  by  a jet  of  water.  Compression  stresses  are  created  in  the  surface, 
balanced  by  tensile  stresses  in  the  slower  cooling  volume. 


478 


depth  jjm 


tangential 

axial 


Fig.7  Residual  stress  distribution  below  the  surface  Fig.8  Residual  stress  distribution  below  the 
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Fig. 9 Residual  stress  distribution  below  the  surface  after  grinding. 
Example  from  Letner’ 


Fig.  10  Residual  stress  distribution  over 
the  cross-section  of  a cold-drawn  rod. 
After  Peiter'® 
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Fig.l  1 Tile  creation  of  residual  stresses  in  a rod  during  cooling.  After  Peiter' 


It  is  characteristic  of  all  residual  stress  distributions  caused  by  uneven  cooling  rates  that  tensile  stresses  develop 
in  that  pan  of  the  body  which  cools  lust. 

4. 1.2.3  Chemical  Expansion  or  Contraction  of  Surface  Material 

Many  metals  and  alloys  may  exist  in  both  stable  and  mctastable  phases  at  the  same  temperature.  The  meta- 
stable phase  transform  to  the  stable  phases  if  the  rate  of  diffusion  is  high  enough.  At  normal  operating  temperatures 
the  rate  of  diffusion  will  often  be  low.  making  the  metastable  phases  stable  enough  for  engineering  purposes.  Usually 
phase  transformations  involve  a change  in  volume  whereby  tensile  residual  stresses  are  created  in  the  more  close- 
packed  phases  balanced  by  compressive  stresses  in  the  less  close-packed  phases.  This  section  describes  briefly  some 
processes  which  make  use  of  this  principle  of  residual  stress  formation  and  gives  some  examples  of  the  stress  distri- 
butions obtainable. 

Induction  hardening,  case  hardening  and  llame  hardening  create  metastable  martensite  in  the  surface.  Martensite 
being  less  close-packed  than  the  base  material,  the  resulting  residual  stress  is  compressive  in  the  surface. 

Carburizing  is  a process  where  carbon  atoms  are  diffused  into  a steel  that  is  not  in  itself  fully  hardenable. 
Carburizing  improves  the  properties  of  the  surface  material  and  introduces  some  compressive  residual  stresses.  Usually 
carburizing  is  followed  by  a hardening  treatment  which  creates  martensite  in  the  surface.  Figure  1.*'  (taken  from 
Reference  12)  shows  the  resulting  residual  stress  distribution. 
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Fig.  12  The  residual  stress  distribution  in  the  vicinity  of  a butt  weld 


Decarburi^ing  is  an  unintentional  removal  of  carbon  atoms  from  the  surface.  Decarburizing  leads  to  tensile 
residual  stresses,  increased  surface  roughness,  and  lower  mechanical  strength  of  the  surface  material. 

Nitriding  consists  of  heating  steels  of  special  composition  to  temperatures  about  500“C  in  contact  with  a nitrogen- 
containing  medium.  Nitriding  gives  very  hard  and  fatigue  resistant  surfaces  when  used  on  special  steels. 

Cyaniding  is  a process  in  which  the  steel  is  in  contact  with  molten  cyanide.  Both  carbon  and  nitrogen  diffuse 
into  the  metal. 

Anodic  treatment  of  aluminium  alloys  in  chromic  or  sulphuric  acid  electrolytes  produces  a hard,  shallow  film  on 
the  surface  with  good  abrasion  resistance  and  increased  protection  against  corrosive  attack. 

With  the  exception  of  the  anodic  treatment,  all  the  methods  mentioned  above  create  a surface  layer  with  com- 
pressive residual  stresses  balanced  by  tensile  stresses  in  the  interphase  and  the  base  metal.  It  is  therefore  often 
observed  that  cracks  start  below  the  surface.  The  anodic  treatment  of  aluminium  alloys  decreases  the  fatigue  strength 
because  of  high  tensile  stresses.  When  a shot-peening  treatment  is  carried  out  either  before  or  after  the  anodic  treat- 
ment, the  fatigue  strength  equals  that  of  the  non-treated  metal. 

4. 1 . 2.4  Electroplating 

Electrodeposition  of  one  metal  on  another  is  extensively  used  in  industry  for  corrosion  protection,  wear  resis- 
tance, and  salvage  of  worn  components.  The  fatigue  strength  of  some  of  these  metal  combinations  has  been  found 
to  be  much  lower  than  that  of  the  base  material.  The  deleterious  effect  is  attributed  to  three  main  problems  created 
by  the  electrodeposition  process'*: 

( 1 ) Hydrogen  embrittlement  when  the  base  material  is  steel. 

(2)  Development  of  fine  cracks  in  the  electrodeposit  (especially  if  chromium  is  used). 

(3)  High  tensile  stresses  in  the  deposit. 

Hothersall  measured  residual  stresses  in  various  electrodeposited  steels.  His  results  were  summarised  by  Harris'* 
and  Table  1 shows  results  from  tests  with  conventional  electrolytes,  indicating  large  variations  in  sign  and  magnitude. 
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Fig. IS  The  residual  stress  distribution  below  the  surface  after  carburizing  and  hi'.rdening. 

After  Hammer'* 
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4.1.3  STABILITY  OF  RESIDUAL  STRESSES  IN  SERVICE 


Residual  stresses  are  not  necessarily  constant  during  the  lifetime  of  a component.  The  more  important  causes 
of  changing  residual  stresses  are; 

( 1 ) Positive  or  negative  peaks  in  the  loading. 

(2)  Cyclic  creep,  and 

(3)  High  temperatures. 


Rosenthal'*  collected  data  on  residual  stress  relief  by  uniaxial  loading  from  various  sourc'es  and  suggested  a 
simple  relation  to  explain  the  data.  Using  as  a yield  criterion  the  simple  maximum-shear-stress.  which  may  be  written 
as 


max 


loj  I Ia3 1 IO|  --  Oj  I 
2 ' 2 ' 2 


(1) 


the  residual  maximum  shear  stress  (i.e.  the  left  itand  side  of  Equation  (1)|  measured  after  application  of  the  load 
was  plotted  as  function  of  load  maximum  shear  stress  (Fig.16).  The  resulting  test  points  he  close  to  straight  line 
within  the  scatter  of  experimental  data.  However,  fatigue  stressing  generally  seems  to  reduce  residual  stresses  more 
than  the  application  of  a single  load.  This  phenomenon  is  due  to  cyclic  creep. 
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Fiji.  1 6 Relief  of  residual  stresses  due  to  single  static  and  alternating  loads 
compared  with  Equation  ( I ).  After  Rosenthal'* 


Morrow'*  studied  cyclic  creep  on  4340  steel  at  different  hardnesses.  Specimens  were  loaded  with  constant 
amplitude  and  mean  value  of  deflection  and  the  mean  load  was  recorded.  Some  of  his  results  for  the  soft  condition 
of  the  steel  are  shown  in  Figure  17.  It  is  observed  that  the  mean  stress  gradually  approaches  zero  during  fatigue 
loading  and  that  the  rate  of  change  increases  with  increasing  amplitude.  Morrow  termed  the  phenomenon  cycle- 
dependent  stress  relaxation,  but  the  term  cyclic  creep  can  be  used  equally  well. 


Fig.  17  Relief  of  mean  stress  during  fatigue  life  under  constant  deformation  loading. 

After  Morrow  and  Sinclair'* 


In  notched  specimens,  cyclic  creep  alters  the  residual  stresses  because  the  creep  relieves  the  stresses  in  the  notch. 

Compressive  residual  stresses  are  also  sensitive  to  high  temperatures,  especially  if  the  heating  time  is  short  and 
the  cooling  time  long.  During  heating  the  surface  material  wants  to  expand  but  is  hindered  by  the  cool  layers  beneath 
the  surfaLx;.  High  compressive  thermal  stresses  result,  which  add  to  the  residual  stresses.  The  compressive  yield  stress 
is  easily  exceeded,  especially  since  the  yield  stress  is  lower  at  high  temperatures.  If  the  cooling  time  is  long  only 
small  thermal  stresses  will  be  introduced,  so  the  final  result  is  a decrease  of  residual  stress. 


4.1.4  MEASUREMENT  OF  STRESS  BY  X-RAYS 


4.1.4.1  The  Chancicriitks  of  Hie  X-Ray  Stmt  MeMLicment 

As  is  the  cate  for  all  other  stress  measurinf  methods,  the  K-ray  method  is  really  a strain  measurement.  Strain 
s defined  as  change  ot  length  divided  by  original  length.  For  x-ray  measuremerts  the  length  in  question  is  the 
distance  between  the  reflecting  lattice  planes  of  the  crystals.  Compaied  to  other  stress  measuring  methods  the  x-ray 
method  has  the  follovi'ing  unique  characteristics  (summaHecU  by  Glocker  et  al.'*) ; 

(1)  The  x-ray  method  is  only  applicable  on  crystalline  materials. 

(2)  The  measurement  is  truly  non-destructive.  The  measurement  leaves  no  surface  markings  and  the  state  of 
the  material  is  completely  unchanged. 

(3)  Only  elastic  strains  are  measured.  Elastic  strains  may  be  related  to  the  sum  of  residual  stresses  and  load 
stresses  using  the  expanded  Hooke's  law. 

(4)  The  measurement  is  selective.  The  meuured  strains  are  the  average  strains  in  a small  proportion  of  the 
crystallites  in  the  irradiated  volume. 

(5)  The  measured  strains  are  perpendicular  to  the  reflecting  planes. 

(6)  The  x-rays  used  are  soft.  The  stress  measurement  is  therefore  restricted  to  a thin  surface  layer  of  the  order 
of  0.01  mm  in  which  the  stress  state  is  biaxial. 

It  follows  from  property  (61  that  mill-scale,  rust,  paint,  etc.  should  be  removed  aiid  the  suiTace  roughness  should 
be  low  before  attempting  to  measure  stress  by  x-rays.  The  best  way  of  achieving  this  is  to  use  electrolytic  polishing. 
Mechanical  polishing  or  grinding  introduces  residual  stresses  detectable  by  x-rays,  no  matter  how  carefully  these 
treatments  are  carried  out. 

4.1. 4.2  The  Physical  Principle  of  the  X-Ray  Stress  Measuring  Method 

The  x-ray  stress  measuring  method  builds  on  the  principle  of  Bragg  reflection.  A crystallite  only  reflects  x-rays 
if  the  Bragg  equation  is  fulfilled. 

nX  •=  2d  sin  4 , (2) 

and  if  the  reflection  planes  lie  in  reflection  position  (as  shown  in  Figure  18).  In  Equation  (2).  n is  an  integer.  X 
is  the  wavelength  of  the  x-rays,  d is  the  distance  between  reflecting  lattice  planes,  and  the  angle  0 is  defined  in 
Figure  18.  In  x-ray  diffraction,  very  intensive,  monochromatic  K^-radiation  is  used  and  the  superimposed  white 
radiation  is  filtered  out  as  completely  as  possible.  -radiation  consists  of  two  radiations  with  slightly  ditTerent  wave- 
length, called  K^i  and  . The  K^)  is  approximately  twice  as  intense  as  the  , with  small  variations  from 
metal  to  metal.  It  is  not  possible  to  separate  K^i  and  filters  or  electronic  discriminators.  In 

stress  work  the  intensity  lines  therefore  appear  as  two  neighboring  lines.  In  hardened  or  plastically  deformed  steel 
the  two  lines  may  overlap  due  to  the  line  broadening. 

For  given  value'  of  n . X and  d . a given  crystal  either  reflects  x-rays  at  the  angle  0 or  does  not  reflect  at 
all,  depending  on  the  orientation  of  the  crystal.  In  a polycrystalline  material,  generally  only  few  crystals  will  satisfy 
the  reflection  condition,  as  stated  under  property  (4)  in  Section  4.1.  Strains  >n  a polycrystalline  material  change 
the  value  of  d in  different  directions  in  the  material.  Equation  (2)  shows  that  a change  in  d will  shift  the  angle 
6 . These  angle  shifts  are  measured  and  used  to  compute  the  stresses. 


Fig.  18  Reflection  of  x-rays  from  a set  of  lattice  planes 
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Hero  it  is  evident  that  a larjte  angle  shift  is  obtained  when  9,  approaches  W°  i.e.  reflection  lines  in  the  back  rellcc- 
tion  region  should  be  used.  Table  II  lists  some  intensity  lines  suitable  for  stress  nu'asuiement. 


TABLE  II 


Intensity  Lines  for  X>Ray  lUten  Mcaaniements 
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Figure  10  shows  a surface  seginenl  with  principal  stri'ss  directions  1 and  2 and  the  normal  .t.  In  the  theory 
of  ela.sticity  if  is  proved  that  the  normal  strain  at  the  surface  in  the  direction  is  determined  by 


~ isjio,  cosV  + o,  sin^tpl  sin*C'  + s,(o,  + Oj)  . 


(5) 
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Ft|.l9  A sketch  of  a surface  seumcnt  deflntnf  the  angles  ^ and  # 


From  the  theory  of  elaUkity  we  also  know  the  normal  stress  in  the  direction  (^,  ^ « 0); 

0^  “ 0|  cos*^  4-  c,  sin*^  . 


Substituting  Equation  (7)  into  Equation  (S)  gives 


sin’  ^ S'  S|(0|  + Oj)  . 


Pifferentiating  with  respect  to  sin’  yielcs 


isi 
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d stir  y 

The  iiTipcrtant  step  to  be  taken  now  is  to  equate  the  lattice  strain 


(7) 

(8) 

(9) 


do 

und  the  elasticity  theory  strain  defined  by  Equas.JO  (8>.  To  measure  o^ , the  lattice  distance  d is  measured  at 
several  ^-values  in  the  y-planc  , the  lattice  strains  as  dellned  by  Equation  (10)  are  plotted  as  a function  of  sin’  ^ 
(as  shown  in  Figure  20)  and  the  stress  is  computed  from  the  slope  of  the  straight  line  connecting  the  test  points. 
This  so-called  sin’  C'-method  is  due  to  Macherauch  and  Miiller”. 


It  is  not  necessary  in  know  the  stress-free  lattice  plane  distanc'e  dp  when  computing  the  lattice  strains.  K'cause 
only  the  slope  of  the  straight  tine  in  Figure  20  is  used  to  compute  the  stress.  The  lattic'e  distane'e  measured  at 
^ = 0 could  be  used  just  as  well,  the  only  effect  being  to  shifi  the  line  without  changing  the  slope.  It  is  advisable 
to  measure  d at  least  at  four  ditTerent  ^-values  when  a new  material  or  a new  material  treatment  is  measured. 
When  it  nas  been  established  that  the  plot  is  linear  within  the  measuring  accuracy,  two  measurements  of  d suffice 
to  determine  the  stress  in  one  direction.  To  measure  both  principal  stresses  in  the  surfac-e.  when  the  principal  stress 
directions  are  known,  requires  at  least  three  d measurements  (one  at  ^ = 0 . and  two  at  ^ 0 and  y = 0 

and  y = 90°  respectively).  In  this  way  the  principal  stresses  are  measured  directly.  If  it  is  not  experimentally 
possible  to  carry  out  measurements  at  y = 0 and  90°.  the  formulas  given  below  for  unknown  principal  stress  direc- 
tions may  be  used  to  compute  the  principal  stresses.  Only  then  is  the  angle  y,  known.  If  the  principal  stress 
directions  are  unknown,  at  least  four  d measurements  are  necessary  (one  at  ^ = 0 . and  three  at  ^ ^ 0 in  three 
different  i^irections).  In  this  case  the  y-values,  y,' '^c  (see  Figure  21)  are  unknown,  but  we  know  the 
differences  between  the  y-values. 
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Fig.2Q  Computation  of  the  stress  Imm  the  lattice  strains  at  dilYcrent  C^angles 


Then  the  principal  stresses  may  be  computed  usfnp  Fquatiuns  ( 14)  and  (IS) 

-0,  sin’(^  + Aj,)  4 0J,  sin*^ 


cos*  + Aj, ) — cos*  1^, 

0,  cos*(^  + Aw)  - oj,  cos’ 10, 


cos’(0,  4 Aj,)  - cos’^ 

Recommended  values  of  A^,  and  A^.  are  either  45*  and  'R)*  or  M)°  and  120*. 


4. 1.4.3  The  Film  Method 

in  the  film  method,  the  x-rays  coming  from  the  x-ray  tube  pass  through  the  aperture  in  the  center  of  the  film, 
go  on  to  the  component  and  are  finally  reflected  and  detected  on  the  film  (Fig.22).  If  the  lattice  distances  d,  and 
dj  are  different  because  of  stresses  in  the  material  the  diffraction  ring  deforms  bi-cause  the  Bragg  angle  changes.  On 
the  film  the  radii  r,  and  r,  re  not  readily  measured,  because  the  center  of  the  film  is  not  known  with  accuracy. 

This  difficulty  is  overcome  by  Measuring  instead  the  distance.  A . from  the  specimen  diffraction  ring  to  the  diffraction 
ring  of  a stress  relieved  powder  of  some  reference  materia'.  Common  reference  materials  are  gold,  silver  and  chromium. 
The  choice  of  reference  materials  is  dictated  by  the  position  of  its  diffraction  ring  relative  to  the  specimen  diffraction 
ring.  The  diffraction  rings  should  be  close,  but  must  not  overlap  on  the  film.  Suitable  reference  materials  may  be 
found  from  the  Bragg  an.tles  given  in  Table  II  for  various  c'ombinations  of  material  and  -radiation.  The  reference 
material  may  either  be  used  as  a thin  foil  which  is  attached  to  the  surface  (this  necessitates  two  exposures  on  the 
same  film;  one  without  and  one  with  the  reference  material)  or  reference  powder  may  be  paintcuJ  on  the  surface  in 
such  a thin  layer  that  simultaneous  recording  of  both  diffraction  rings  is  possible. 


The  following  quantities  on  the  film  are  measured;  2r,.  A,  = r,  - 
equations  below  shows  how  to  compute  the  lattice  strain  for  w = . 

( 1 ) Compute  the  material  to  film  distance  from 


The  sequence  of 


T 


Fig.21  IVl'inition  of  the  anjtlfs  when  Ihe  princi|Vtl  'tlrew  directions  ai\'  unknown 
(2)  (.'ompute  the  radius  of  the  diH'raction  rinj  for  the  specimen  material 


(3)  Compute  the  Brawi  angle  6,  by 

6^  = i arctan  tl8» 

(4)  Compute  lattice  strain  using 

nX  nX 

2 sin  0,  ' sin  0>  sin  0« 

!— S- = --I.  (I'Ji 

nX  stn  0| 

2 sin  00 

It  may  again  be  mentioned  that  in  Equation  ( 1 4).  instead  of  using  do  and  the  etpiivalent  0^  , it  is  possible  to  use 
any  of  the  0-values  computed  by  Equation  ( 1 8)  for  the  same  stress  measurement.  Points  ( li  to  <4)  are  repeated  for 
each  ^-value.  Suitable  angles  of  incidence  ^o  l*ave  been  recommended  by  Macherauch  and  Miilter''  (Table  llli. 

The  lattice  strains  are  then  plotted  as  shown  in  Figure  20  and  the  stress  is  computed  from  the  slope  of  the  line. 
Equations  (lb).  (17).  (18)  and  (1*))  are  well  suited  for  work  with  a small,  programmable  table-top  computer. 

To  obtain  sharp  and  clear  intensity  lines  on  the  film,  a filter  is  necessary  (see  Table  II  for  correct  choii-e  of 
filter).  Most  often  the  filter  is  placed  in  the  incident  beam  because  a small  filter  srea  suffices  there.  Now  that  large 
filters  have  become  available,  it  is  possible  to  place  *he  filter  directly  over  the  film  i.e.  ii>  the  reflected  beam.  Sharper 
pk'tures  are  thus  obtained,  because  the  filter  also  absorbs  fluorescent  radiation  from  the  material  of  the  component. 

A c-ourse  grained  material  gives  diffraction  rings  with  a spotty  appearance  that  are  difficult  to  measure.  1o  impn've 
the  measuring  accuracy  the  film  may  be  oscillated  a few  degrees. 
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The  film  meihiHl  rx'nuires  only  vimple  instrument jlion.  The  hiuh  xoltape  suppU  for  the  \-ray  tuK*  may  K-  of 
a simple  type.  Hi^h  stahili/ation  is  not  necs^sary.  The  \-ray  tube  shouh)  be  of  hiph  output  to  minuni/e  the  evpissure  ' 

time.  Usually  a squan  anode  window  is  used  in  film  work.  The  film  eamera  should  be  of  the  fiat  plate  bask 
rx'fiection  type  with  pnntsions  for  isssillalion  of  the  film.  I'ameras  used  for  stiess  work  are  opim  on  one  side  (in'at 
sare  should  therefore  be  taken  to  ensure  that  no  person  enters  into  the  primary  bsain  w ith  any  lurt  of  his  NhI\ 

The  lilin  sbaraeteristk's  should  include  hi«h  sensitivity,  fine  prain.  low  foppinp.  low  and  uniform  expansion  due  to 
shanps's  in  temperature  and  humidity,  and  wide  exposure  ranpx*.  The  dillrastion  rinps  on  the  film  may  be  ineasurx'd 
either  wiih  a plass  measurinp  scale  or  with  a photometer. 

Li. „ . i 
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4.1. 4.4  TV  MHtiod 

In  iV  4ilTr«cftMn«t«t  <tlnm  mcatuHng  kvhniqw  Ihi*  ivfWi-t^O  inuntity  is  dtfhs.l«Hl  hy  cilVr  a nrnpimiitnal  i>f 
a llalitsR  vownlM.  MMlei'  stjuntm  afv  mit  uted  Vcauac  of  rhrir  kiw  anintinie  MH'-J.  The  ckclrical 

imputacs  fn>*n  the  delevtof  are  ewunled  s*t  lime*averaped  in  asMHiated  onintln"*  eleettswio. 

One  advantajpe  of  the  difffavtonte.ef  tesTini^ue  t'vwi pared  to  the  Him  'A'hnwtne  i»  the  hiyhef  peak‘tO“haek»n>ond 
ratio  ohtatnahic  Vvauae  of  the  eomhined  effeet*  of  liltennp  and  eleetnmie  diaertmination.  Another  advantapi'  is  that 
the  Intensity  is  meaaMred  siiKlIy  as  4 ftmviion  of  it  . (\mev.tions  f»w  4-  and  d'-slependent  intensity  taelsrrs  whieh 
alTevt  the  position  and  contour  of  the  line  can  easily  he  made. 

Difttactomelefs  usually  employ  dta^Rtentano  foeusinp  In  meaMrements  with  d = 0 • shown  in  I'ii^ure  2,t 
ftraUfrStvntano  focuiiiti  is  charaeterired  by  the  cssndition  that  the  s-ray  smtlve.  the  sample  surface  and  Ihe  cevvising 
sUt  all  lie  on  Ihe  arc  of  a circle.  Normally  the  surfac'v  it  not  cois-ed  as  si  <wn  in  I'ipute  '.t.  hut  Hal.  This  ivsulis  in 
a loTs  of  sharpness  in  Ike  diffracted  line,  and  necessitates  the  ««  of  vnaller  ilisvtjn'nce  slits.  When  Ihe  sample  is 
restated  by  the  anpk  d*  . Ihe  focutiitg  point  of  the  diifracted  beam  is  moved  from  A to  H in  Figure  ^.t.  OeUnlng 
<it  as  positive  when  diteeted  as  shown,  the  distance  AH  is  given  hy 


On  existing  dinract«»me»e;-s  the  pnitdem  asscKiatc'd  with  the  movement  of  the  focusing  point  is  hamik'd  in  Iwxi 
dilfereni  ways.  t>m'  way  Is  to  move  the  detector  slit  to  pevint  H . where  the  intensity  is  higher.  A relatiwly  small 
detc'vlor  is  used.  The  other  way  is  to  kev'p  the  vK'tsvtot  slit  fixcHl  and  use  a K'lativeiy  large  ileteclor  ‘lil.  The  first 
method  leads  to  greater  intensities  and  is  in  theory  able  to  resolve  finer  details  in  Ike  line  shape,  but  in  i(ie  Ingli- 
angle  range  used  in  stress  work  there  exist  mi  Hne  details,  because  even  the  K^-doublel  is  widelv  dis|H'rsed.  .Mso. 
the  intensity  lines  of  materials  where  stress  measim-.nenls  are  wauled  itv'  generally  broad  because  ol  cold  work  or 
hardening.  «v  that  even  the  K^doubk't  disappears.  Kirk'*  stales  that  the  detector  slit  inovvnieni  dioukl  be  very 
carefully  adjusted  because  an  error  of  I yim  when  moving  the  detector  slit  ItX)  mm  toward  the  center  Korresponding 
to  C nO'  when  R»  » I.MO  mm  i introduces  an  em»r  of  0 001  ’ '<•  in  the  line  posilion.  I ke  sliorter  measuring 
time  oblains^i  when  moving  Ihe  detector  is  thus  com|w>nsated  by  a longs't  adiudment  time 

4 14. 1 1 /Vi  rtivi/  latlrti*  t»nH  h'n  tor  .Vtic.v.v  .lkuMir«  »»t«‘»tf 

.Any  normal  dinractometer  may  K'  used  to  measure  suvv..  piovideJ  liie  s|Kcimen  holder  allows  ike  v iolation 
DilTractoineters  are  classified  as  vertical  or  korironial.  deps'iwlmg  on  the  orieiiiathm  of  ike  plane  defiiuxl  by  Ike  primary 
and  the  rvlVcIed  bs'ains.  Larger  sjH'cimens  may  tv  mounted  on  horitonial  dilfraclomelers.  l*roiH'rlies  to  look  lV>r 
[ in  diffractometers  from  the  user's  point  of  view  arc  accuracy  and  repeatabiliiy  of  '••'Selling,  mavimum  ^'-angle  that 

[ can  be  measured,  maximum  s|vcimen  sire  allowed,  and  how  last  and  how  accurate  are  Ihe  ahgniiieni  pn'cedures. 

[ Because  normal  dilYraciomelers  avvomtmHiale  specimens  of  limited  si/e  only,  s|vci.il  open  diffractometers  have 

I bivn  developed  whieh  measun-  iniensiiy  lines  in  the  back-rv'llectio:  ix'gion  only  I igim'  24  shows  an  example.  Sm.ill 

s|vcimens  may  tv  mounted  i»n  ihe  little  ciduinn.  When  ii’-easuring  stress  vui  larger  siruclures  ihc  diffractomcrer  is 
turned  ISO’  on  Ihe  ground  plate,  after  which  it  may  tv  brought  close  to  the  spot  of  interest.  Figure  2.^  shows 
schematic  lay-out  of  (he  diifraclomeler  fhe  x-ray  lube  with  Uvus  F and  the  luK'  carnage  24  are  locked  in  vune 
: |v»silu>n  on  Ihe  circular  rail  2.'.  This  (Hisiiion  determines  the  angle  Co  of  Ihc  incident  ray  ithc  same  .ingic  as  Co 

in  Figure  22i.  Co  may  K'  varied  between  10''  and  * t>0' . In  contrast  to  normal  diffiacloinclcrs.  the  angle  C is 
tlvreforc  not  constant  when  scanning  through  a diffraction  ime  This  mav  lead  lo  difficulties  on  broad  lines  when 
using  the  C-deivndenI  absorption  factor,  iturmg  measim'inent  the  detector  u4  and  the  vicicclor  c.im.igc  2S  \c.in 
through  the  intensity  line  The  Jiffr.iclomctcr  is  aligned  such  that  ihc  specimen  Niirfacc  luirm.il  cvuncidc'  with  the 
^xis  of  rotation,  and  Ihe  surface  is  i.i  the  center  of  Ihe  circular  rail  fhe  »s-valuc  is  changed  by  roi.iiing  the  circular 
rail  around  the  v^-axis.  With  this  arrangenveni  all  necessary  movemenis  are  done  by  the  diffractometer  iiwlf,  while  the 
specimen  |v>sifion  is  fixed. 

The  use  of  x-ray  stress  measurement  as  a production  control  reiimrcs  high  speed  and  involves  increased  sifety 
demands.  Therefore,  there  has  Kvn  an  incicasing  effort  toward  automation  of  -.tress  mcasuremeni  1 he  firxi  slop 
in  this  direction  was  the  aiilom.iiic  recording  of  line  profiles  m step-scanning  and  Ihc  automatic  aunputation  of  line 
profile  and  ivisition  iKoves  and  IK  ‘'*1 

.\n  interesting  approach  to  the  rapid  measurement  of  residual  it'vsses  i>  prevented  by  Weinm.inn  ct  al  I sing 
an  x-ray  ap|varatiis  eqmp|ved  wi;h  two  indeivndent  x-ray  tubes  and  two  independent  dual  detectors  operating  snnul 
taneoiisly , they  obtained  rv|vealabilities  of  * 20  MN  in*  lor  measuring  limes  of  only  .t  minutes.  .\|  only  2t)  v-conds 
iivasuring  time,  the  reivatability  decreased  lo  ♦ 2tR)  MN  m-'.  Figure  2t>  shows  schematically  the  set-up.  fhe  x-ray 
tubes  and  the  sjvcimen  are  fixed  in  relation  to  each  other  The  two  output-  from  each  dual  detector  drive  a 
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F focus 

FC  focussing  circle 
DC  diffractometer  circle 
D divergence  slit 
DT  detector  slit 
S specimen 

C center  of  diffractometer 
a divergence 


Ideal  Brasg-Brentano  focussing  at  \p  = 0 


diffractometer  method 


null-seeking  mechanism  which  moves  the  detector  arm  until  the  outputs  are  equal.  Potentiometers  are  driven  by  a 
gear  mi  hanism  at  the  end  of  the  detector  arms  and  the  voltage  difference  developed  between  the  potentiometers  is 
calibrate^.  *o  be  proportional  to  the  stress  in  the  specimen  and  is  plotted  to  give  an  immediate  indication  of  the  stress 
value. 

Commercial  diffractometers  have  now  become  available  which  permit  the  automatic  measurement  of  all  intensity 
lines  for  one  stress  measurement  using  the  sin’  i//-method  . The  necessary  input  data  for  the  intensity  lines  are 
punched  on  a card  which  is  read  by  the  diffractometer  control  box. 

4. 1. 4.4. 2 Intensity  Line  Measurements 

Diffractometer  measurements  may  be  taken  and  data  obtained  in  two  different  ways:  continuous  scan  and 
step-scan. 
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Fig. 26  The  principal  lay-out  of  a special  diffractometer  for  fast  stress  measurement. 

After  Weinmann  et  al.^® 


In  the  continuous  scan  mode  the  intensity  line  is  plotted  and  some  graphical  procedure  is  used  to  determine  line 
position.  Continuous  scanning  give":  recordings  as  shown  in  Figure  27.  To  determine  the  line  position,  the  line  sides 
may  be  extrapolated  and  the  crossing  point  used  as  a measure  of  the  position.  This  method  requires  that  the  sides  arc 
reasonably  linear,  which  is  not  the  case  when  the  lines  are  broad  or  when  the  -lines  partly  overlap.  A second 
method  is  to  construct  a middle  line  to  the  two  sides  and  let  the  crossing  between  the  middle  line  and  the  top  of  the 
diffraction  line  represent  the  line  position.  On  broad  tines  this  method  is  too  inaccurate  for  stress  measurement.  A 
third  method  is  to  use  the  mid-point  between  the  line  sides  at  a given  proportion  (usually  1/2  or  1/3)  of  the  maximum 
intensity.  Wbde  they  fail  on  broad  lines,  on  narrow  lines  the  graphical  methods  are  accurate  enough. 

It  is  important  to  note  that  although  different  measuring  techniques  and  different  computing  procedures  yield 
different  absolute  angle  positions,  the  necessary  requirement  for  a good  technique  is  that  the  tine  shift  with  change 
in  is  proportional  to  stress.  This  requirement  is  not  fulfilled  for  all  combinations  of  computing  methods  and  line 
shapes  because  the  line  profile  may  change  with  ^ . 

In  the  step-scanning  mode  the  reflected  intensity  is  measured  at  fixed  angle  intervals  through  the  diffraction  line, 
and  some  computing  procedure  is  used  to  establish  the  line  position.  For  stress  measurements  the  step-scan  method 
is  generally  favored  because  correction  factors  are  easily  applied  and  because  it  may  yield  higher  accuracy.  The 
proper  choice  of  number  of  steps  and  number  of  counts  in  each  step  depends  on  the  computing  procedure  to  be 
used.  Line  location  estimates  may  be  obtained  as  the  29-angle  of  either  the  centroid  of  the  line  profile  oi  the  maxi- 
mum of  the  line  profile. 

Determination  of  the  centroid  is  a slow  procedure  because  the  tails  of  the  diffraction  lines  must  be  included  in 
the  measurements.  On  broad  lines  some  part  of  the  high  angle  tail  may  fall  outside  the  measuring  range  of  the 
diffractometer.  Available  diffractometers  have  an  upper  limit  for  20  between  160°  and  165°.  the  limitation  being 
caused  by  mechanical  interference  between  the  detector  and  the  top  of  the  x-ray  tube.  It  is  found  that  on  broad 
lines,  determination  of  the  centroid  does  not  lead  to  greater  accuracy  in  stress  than  the  simpler  determination  of  the 
angle  of  the  line  maximum,  fhe  centroid  is  therefore  seldom  used  in  practical  stress  work. 

The  angle  of  line  tnaximum  may  be  determined  either  by  approximating  the  top  of  the  line  with  a parabola  or 
by  approximating  larger  parts  of  the  line  with  some  curve  approximation.  The  parabola  method  is  well  established 
and  has  found  general  acceptance  in  the  case  of  broad  lines  also. 

Before  attempting  to  compute  the  line  positions,  the  measured  intensities  should  be  corrected  for  certain  0- 
and  i//-dependent  intensity  factors  which  influence  the  shape  of  the  line  profile.  These  are: 

The  polari^ation  factor  id  + cos*  20)  . 

The  Lorentz  factor  — 

4 sin*0  cos  0 
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Fig.28  Two  ways  of  estimating  tne  line  position:  (1)  The  crossing  point  of  the  tangents. 
(2)  The  crossing  point  between  the  diffraction  line  and  the  middle  line 


The  absorption  factor  1 — tan  cot  0 , 

The  polarization  and  the  Lorentz  factors  are  well  treated  in  ordinary  textbooks  on  x-ray  dif'raction.  The  absonition 
factor,  which  was  derived  by  Koistinen  and  Marourger*',  *s  the  only  i//-dependen.  factor.  All  these  factors  are  usually 
combined  in  one 


I (1  + cos* 20) (I  — tan  \li  cot  0) 

PLA  ; . (21) 

8 sin* 0 cos  (0) 

Intensities  measured  in  counts  per  unit  time  arc  corrected  by  division  with  PLA.  The  correction  is  only  necessary  on 
broad  lines,  where  it  has  the  effect  of  improving  tine  symmetry.  This  is  most  desirable,  because  most  curve  approxi- 
mations assume  the  lint  shape  to  be  symmetrical. 

In  principle,  the  measured  intensities  should  be  corrected  for  the  background  because  the  gradient  of  the  back- 
ground intensity  (the  change  in  background  per  degree  20 ) depends  on  the  angle  , and  because  line  symmetry  is 
improved.  However,  uJng  a wrong  background  gradient  only  leads  to  small  errors  in  stress.  This  is  fortunate  because 
determination  of  the  background  on  broad  lines  may  be  impossibl.-  on  the  high  20  side  of  the  line  and  the  variation 
of  background  intensity  beneath  the  diffraction  line  is  unknown.  Christenson**  suggests  that  the  background  for  the 
martensite  line  of  hardened  steel  is  that  of  a pure  austenitic  steel.  The  importance  of  the  background  correction 
increases  with  decreasing  ratio  of  line  intensity  to  background  intensity  and  increasing  line  width. 


4. 1. 4.4. 3 The  Three-Point  Parabola  Method 

The  line  is  step-scanned  with  low  accuracy,  i.e.  with  a small  number  of  counts  in  each  step  (below  10,000 
counts).  Three  points  are  chosen  which  are  equally  spaced  on  the  20-axis,  which  straddle  the  peak,  and  where  the 
intensities  in  the  outer  points  after  correction  by  the  PLA  factor  are  approximately  8.5';;  of  the  peak  intensity.  The 
intensity  is  then  measured  with  great  accuracy  at  the  three  points  (approximately  100,000  counts)  and  the  intensities 
are  corrected  for  PLA  and  background  (Fig. 29),  A parabola  is  fitted  to  the  measured  points,  and  the  20-angle  of 
the  peak  of  the  parabola  is  computed  from 


20  0 ( 


.)a  + b A20 
a -»  b 2 


(22) 


Here  20^,  a,  b,  and  20  are  all  defined  in  Figure  29. 

The  parabola  method  is  the  most  accurate  for  very  narrow  lines  or  very  broad  lines.  l,i  both  these  cases  rhe 
lines  will  be  nearly  symmetrie  after  correction.  In  the  intermediate  width  range,  where  the  K(,-lines  partly  overlap, 
the  resulting  line  profile  is  skewed  and  the  parabola  is  not  a good  approximation.  This  would  not  matter  if  the  line 
profile  were  independent  of  i//-angle,  because  only  relative  changes  of  20  with  change  in  \p  are  necessary  in  stress 
measurement.  However,  some  experimental  factors  lead  to  i//-dependent  line-broadening,  thus  changing  the  skewness 
of  the  line  profile  in  the  case  of  partly  overlapping  Ka,-lines.  One  remedy  would  be  to  remove  the  Kai-radiation 
with  a crystal  monochromator,  but  this  generally  decreases  the  intensity  to  an  extent  that  makes  this  solution 
impractical.  Another  remedy  is  to  use  better  line  profile  approximations  than  the  simple  parabola,  as  described  in 
the  next  section. 
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Fig. 29  Illustration  of  the  three-point  parabola  method 


4. 1.4.4. 4 The  Curve-Fitting  Method 

The  most  accurate  way  of  determining  intensity  line  positions  is  to  approximate  the  line  profile  with  a curve 
which  has  the  same  general  shape.  A good  curve  approximation  has  the  following  properties; 


(I)  It  has  the  form 


I = A 


(23^ 


This  is  because  the  intensity  line  *•  'ofile  is  composed  of  two  superimposed  intensity  lines  due  to  K^,  and 
K(,2  radiation.  The  shapes  of  these  intensity  lines  (defined  by  the  function  F ) are  assumed  to  be  identical 
except  that  the  K„j  radiation  is  approximately  half  as  intense  as  the  K(,|  . The  accurate  value  B of  the 
intensity  ratio  depends  on  anode  material  and  may  be  taken  from  tables”,  but  generally  L may  be  set 
equal  to  i.  E is  the  20-angle  of  the  maximum  of  the  K<,i -line.  C is  a measure  of  the  line  width.  C gives 
information  on  microstrains  and  on  the  size  of  the  crystallites.  D is  the  20-angle  difference  between  the 
K^-lines.  D may  be  computed  from  the  tabulated  wavelengths  and  by  the  formula 
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, \»l 


(24) 


In  Equation  (24)  the  angle  20 (,i  is  determined  with  sufficient  accuracy  as  the  angle  of  the  greatest 
measured  intensity  after  correction  for  PLA  and  background. 


(2)  The  function  F = F(z)  in  Equation  (23)  is  symmetrical  about  z = 0 . 


(3)  F(z)  approaches  zero  as  z approaches  ± infinity. 


The  following  types  of  curves  all  have  the  required  properties  and  have  been  found  useful  for  stress  work. 


F,(z)  = 

exp(--zM 

(2.S) 

F,(z)  = 

'1  zM'* 

(2b) 

F,(z)  = 

(1  + zM*’  . 

(27) 

That  these  curves  are  useful  does  not  imply  that  the  line  profiles  have  precisely  the  same  shape  as  any  of  the 


I'iquations  (25)  to  (27).  Many  experimental  conditions  iniluenee  the  line  profile.  The  more  important  conditions 
and  their  efi'ect  on  the  line  profile  are  listed  below: 

(1)  The  detector  slit  yields  a rectangular  intensity  profile  of  the  same  width  as  the  slit. 

(2)  The  intensity  distribution  over  the  anode  of  the  x-ray  tube  (an  example  of  which  is  shown  in  Figure  30 
taken  from  Wilson*^)  yields  intensity  lines  wi^n  the  same  profile. 


Fig. 30  Intensity  distribution  over  the  anode  of  an  x-ray  tube.  After  Wilson’^ 


(3)  The  -radiations  are  not  strictly  monochromatic.  The  distribution  of  wavelength  is  approximately  gaussian 
[curve  F,  . Equation  (25)|  around  the  mean  value. 

(4)  The  size  distribution  of  the  crystallites  in  a polycrystalline  material  becomes  important  when  the  crystallites 
are  small,  because  small  crystallites  broaden  the  diffraction  lines.  The  size  distribution  is  approximately  of 
Cauchy  type  [curve  Fj,  Equation  (26)1  (Ref.2S). 

(5)  The  distribution  of  microstrains  is  approximately  gaussian  [curve  F) . Equation  (25)|  (Ref.25). 

In  Equation  (23)  the  parameters  A , C and  E are  prefeiably  determined  such  that  the  sum  S of  squares 
of  the  normalized  errors  is  minimized.  This  sum  may  be  written 
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(28) 


where  m is  the  number  of  steps,  Ij  are  the  measured  intensities,  are  computed  from  the  curve  approxima- 

tion formula  at  the  same  26-value,  and  s(lj)  are  the  standard  deviations  of  the  measured  intensities. 
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(29) 


where  N,  is  the  number  of  counts  in  the  intensity  measurement.  The  computing  procedure  is  too  cumbersome  to 
be  made  manually,  so  a computer  program  has  to  be  used.  For  the  computing  procedure  to  be  effective,  the  lines 
should  be  step-scanned  at  least  for  intensities  down  to  one  half  the  maximum  intensity,  and  the  number  of  steps 
should  be  much  greater  than  the  number  of  parameters  (i.c.  greater  than  3)  to  be  determined. 


Although  so  many  experimental  factors  contribute  in  different  ways  to  the  shape  of  the  line  profile,  quite  close 
agreement  between  measured  and  computed  intensities  may  be  obtained  as  shown  in  Figure  31.  The  vertical  lines 
at  the  measured  intensities  indicate  the  uncertainty  ranges  defined  as  two  times  the  standard  deviation  on  each  side 
of  the  points.  Equally  good  agroement  was  obtained  for  ^ ^ 0 and  for  the  narrow  gold  line. 


4.I.4.S  Comparisons  Between  the  Film  and  the  Diffractometer  Method 

The  equipment  for  the  film  method  is  cheaper  because  the  high  voltage  source  does  not  have  to  be  highly 
stabilized  and  because  sophisticated  electronics  am  not  needed. 

Witi.  he  film  method  it  is  easy  to  get  access  to  large  structures  of  complicated  shape. 
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The  difTrr'.'tomctcr  method  is  faster  for  the  same  accuracy. 

Generally  the  dilTractometer  method  is  the  more  accurate,  because  increased  ratios  of  line  intensity  to  back- 
ground intensity  can  be  obtained. 

On  broad  lines  that  result  after  hardening  or  large  plastic  deformation  of  inhomogeneous  materials,  only  the 
diffractometer  method  may  be  used  because  the  measurement  of  the  line  position  on  the  Him  becomes  too  inaccurate. 

4. 1 .4.6  Experimental  Factors  Affecting  Measuring  Accuracy 
X~Ray  t:iasHv  Constants 

The  elastic  constant  Js,  used  in  Eiiuation  (‘O  to  compute  stress  ;annot  generally  K computed  from  l.quation 
(6)  using  the  bulk  values  of  the  elastic  moduli  E and  »» . The  value  of  ^Sj  depends  on  many  factors,  x-ray  radia- 
tion, the  set  of  retlccting  planes,  grain  size,  degree  of  cold  work,  composition  of  material  etc.  For  the  case  of  steel, 
values  of  Jsj  reported  in  the  literature  vary  between  3.8  x 10~*  and  8.b  x 10"*  m’/MN  depending  on  the  combina- 
tion of  the  above-mentioned  factors.  Using  the  bulk  values  of  E and  x , ^sj  would  be  computed  to  be 

6.4  X 10~*  m’/MN.  The  effect  of  some  influencing  factors  on  the  value  of  ^Sj  arc  treated,  for  example,  by 
Prummer**,  Faninger*^  and  Taira  ei  al.’*.  For  accurate  stress  work  the  value  of  Jsj  must  therefore  be  determined 
experimentally  using  known  load  stresses.  When  measuring  isj  . the  applied  stresses  may  not  be  increased  past  the 
x-ray  yield  stress,  i.e.  the  yield  stress  of  the  surface  material.  This  is  generally  lower  than  the  yield  stress  of  the  bulk 
material. 

4. 1.4. 6. 2 Misaligned  Diffractometer 

Correct  stress  measurement  is,  in  principle,  only  possible  with  a correctly  adjusted  diffractometer.  Some  mis- 
alignments lead  to  ^-dependent  changes  of  10  which  cannot  be  distinguished  from  the  changes  caused  by  stresses. 

The  alignment  is  correct  when  the  anode,  the  c'enter  line  of  the  divergence  slit,  the  diflractometer  axis  of  lotation, 
and  the  centerline  of  the  detector  slit  all  lie  in  the  same  plane  when  the  detector  is  in  position  0°.  When  measuring 
stress,  the  surface  of  the  specimen  must  be  tangential  to  the  center  axis  of  the  diffractometer.  However,  the  require- 
ments for  the  adjustments  when  measuring  stress  an;  not  severe,  because  only  differences  in  20-angles  at  different 
^-angles  are  used  to  compute  the  stresses.  On  one  occasion,  deliberate  misadjustment  of  the  specimen  surface  1 mm 
behind  the  center  produced  an  error  in  the  stress  of  only  40  MN/m’  (the  conditions  were:  Cr  Kj, , 20  = 156®  , 
normalized  carbon  steel,  measurement  at  = 0 and  60°).  This  error  vanished  within  the  measuring  accuracy  when 
the  measured  line  shifts  were  corrected  using  the  line  shifts  of  the  gold  line  at  20  ~ 153°  measured  at  the  same 
^-angles.  Other  tests  have  shown  that  the  errors  in  stress  produced  by  misadjustments  of  anode  and  divergence  slit 
up  to  0. 1 mm  can  also  be  completely  corrected  using  a suitable  stress  free  powder. 

4. 1.4.6.  J Surface  Roughness 

Surface  roughness  may  cause  errors  in  stress  measurement  because  of  the  small  penetration  of  the  x-rays.  When 
using  Cr-  radiation  on  a steel  specimen  at  J/  = 0 . 50*^  of  the  measured  intensity  is  reflected  from  layers  less 
than  3.8  ^m  from  the  surface  and  95%  of  the  measured  intensity  is  reflecled  from  layers  less  than  16  <zm  from  the 
surface.  At  ^ = 60°  the  corresponding  depths  decrease  to  1.6  nm  and  7 ^m.  Taira  and  Arima”  investigated  the 
effect  of  surface  roughness  on  x-ray  stress  measurement  on  a 0.17%  carbon  steel.  The  x-ray  stress  was  determined 
from  diffraction  line  measurements  at  ^ = 0°  and  45°.  They  found  xhat  surface  scratches  parallel  to  the  applied 
stress  had  no  effect  on  the  value  of  stress.  The  effect  of  scratches  perpendicular  to  the  applied  stress  is  shown  in 
Figure  32.  The  effect  of  the  roughness  is  explained  by  noting  that  with  increasing  roughness  an  increasing  part  of 
the  reflected  intensity  comes  from  the  mountains  on  the  surface  where  the  stresses  are  smaller  than  in  the  valleys. 

4. 1.4. 6. 4 Microstresses 

Microstresses  may  affect  the  measured  stress  values.  Experience  has  shown  that  not  only  do  microstresses 
broaden  the  diffraction  lines,  but  they  may  also  shift  the  diffraction  lines  in  the  same  way  as  macrostresses.  This 
is  in  contrast  to  what  might  be  expected,  because  the  microstresses  arc  in  equilibrium  over  distances  much  smaller 
than  the  irradiated  area.  The  effect  of  microstresses  is  illustrated  by  tests  made  by  Kolb’®  (Fig. 33),  Steel  specimens 
were  deformed  plastically  in  tension  and  the  resulting  residual  stress  distributions  in  depth  were  found  by  removing 
material  layers  by  electropolishing.  The  measured  sttess  values  do  not  converge  to  zero  when  almost  all  material  is 
removed,  as  would  have  been  the  case  if  the  measured  stresses  were  inacrostresses.  The  measured  stress  distribution 
is  not  in  equilibrium  over  the  cross  section,  so  part  of  the  measured  stresses  must  be  ascribed  to  the  mean  value  of 
microstresses.  The  apparent  lack  of  equilibrium  of  the  micn>stres,ses  is  caused  by  the  selective  character  of  the 
x-ray  measuring  method.  Only  crystals  with  their  rctlecting  plares  oriented  in  a small  angle  range  in  the  specimen 
retlect  x-rays.  In  uniaxial  tension  the  dislocations  move  preferentially  in  an  angle  range  where  the  shear  stress  is 
largest.  The  microstresses  created,  therefore,  show  a direction  dependency  which  is  detected  by  the  x-ray  method. 

rite  value  of  the  microstresses  depends  on  the  plastic  defonnation  and  on  the  degree  of  heterogeneity  in  the 
material.  In  carbon  steels  the  value  increases  with  increasing  carbon  content.  Kolb  and  Macheraucli’'  found  that 


soo 


microstresKi  wcrt  not  created  in  itecli  with  carbon  content  ten  than  Q.d*!!).  Thit  is  however  in  contrast  with  the 
test  results  of  Taira  and  Yoshioka*',  who  found  microstiesses  in  steels  with  0. 14T  carbon. 
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Fig.32  The  effect  of  surface  roughness  on  the  measured  stress  value.  The  scratches  were 
perpendicular  to  the  stress.  Afti*^  I'aira  and  Arima'* 
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Fig.33  Residual  stress  distribution  over  the  cross  section  after  plastic  tensile  deformation. 

After  Kolb** 


If  it  is  known  thet  the  material  of  the  component  to  be  measured  has  been  defonned  plastically,  it  is  thus 
necessary  to  consider  the  possibility  of  erroneous  stress  values  caused  b'  'uperimposed  microstresses. 

4.]. 4. 6. 5 Change  in  Temperature  During  Measurement 

Stresses  are  computed  from  two  or  more  diffraction  line  measurements  carried  on*  at  different  times.  A change 
of  material  temperature  between  the  measurements  shifts  the  diffraction  lines  because  of  the  thermal  expansion,  and 
an  error  results.  The  temperature  sensitivity  of  ditfraction  lines  may  be  computed  from 
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llene  AT  it  the  chenfe  in  tempcralure  and  o-^  **  thermal  exuMniiun  cuelTicient  for  the  material.  Strictly 
i|>eal(in(},  oj  shovild  be  the  expaniiun  coetTicient  for  the  renectinii  act  of  crystallo|traphic  plane!!,  but  the  bulk  value 
ii  a uaeful  approximation.  Tor  the  commonly  used  c'ombination  of  Cr  K,  radiation  on  steel  (29  I5n'l . a 
AT  " l*C  causes  a line  shift  of  -0.007*29  . If  the  stress  measurement  is  carried  out  at  9*  “ 0 and  4S*  and  the 
shift  occurs  between  the  two  measurements,  an  error  of  approximately  4 MN/m‘  is  introduced.  This  value  is  of  the 
same  order  of  maftnilude  as  the  stress  measurina  accuracy  usina  the  best  methods  available  today.  The  temperature 
should  therefore  be  kept  as  c-onstart  as  possible  durina  measurement. 

4.  / 4.f».(i  C'Mxfii  hv  the  (ItitiH  StnH  tufr  of  thf  tfarerks/i 

In  a polycrystalline  material  loaded  with  homoaeneous  maciostresses,  the  strains  are  not  homoaeneous  on  a 
microscale.  'iTte  strains  in  a grain  depend  on  its  orientation  in  relation  to  the  neiahbourina  amins  and  on  the  orienta- 
tion of  the  crystal  planes  in  relation  to  the  principal  stress  directions.  Therefore,  the  strains  vary  from  atain  to  arain 
and  only  statistical  descriptions  of  the  strains  are  possible.  If  the  inadiatcnl  number  of  arains  is  sulTiciently  larae. 
the  mean  strain  will  be  proportiorra!  *o  the  applied  stress.  The  factor  of  proportionality  depends  im  the  set  of  crystal 
planes  used  in  the  measurement. 

When  irradiatina  a polycrystallitK'  material  with  x-rays,  only  a small  number  of  the  arains  contribute  to  the 
reHected  intensity  (only  tho.se  which  lie  in  a small  angle  range  around  the  correct  •'ejecting  position!.  Trom  a statis- 
tical point  of  view  the  rellecting  grains  may  be  considered  as  a random  sample  from  a large  (Htpulation.  If  the  mean 
strain  in  the  sample  dilTers  from  the  mean  strain  in  the  |>opuiatiun,  erroneous  stress  vidues  will  be  ctunputed.  The 
error.',  become  important  when  the  grains  arc  large  or  wlwn  a small  area  ti  e.  the  bottom  of  a notch!  is  irradiated. 


4. 1.4. 7 The  Measurement  of  Stress  Versus  Depth 

in  some  cases  the  surface  stress  alone  does  not  give  all  the  necessary  information,  but  the  stress  versus  depth 
curve  must  also  he  known.  To  measure  the  stress  distribution  below  the  surface,  the  non-destmetivity  of  the  measure- 
ment must  he  sacrificed.  The  measurement  is  carried  »>ut  by  eleetropolishing  off  layers  of  the  material  and  measuriitg 
the  stress  on  the  new  surfaces.  Mechanical  removal  of  material  is  not  n-commended  because'  rx'sidiial  stresses  are 
introduced  no  matter  how  carefully  the  surface  is  machined. 

When  measuring  stresses  versus  depth,  the  problem  is  that  the  meastired  stresses  must  be  corrected  for  the  forces 
exerted  by  the  stres.ses  in  the  removed  material.  The  correction  depends  Imth  on  the  original  sha|H'  of  the  spi'cimi'n 
and  on  tlw  place  on  the  Sjvcimen  where  the  material  is  removed.  Correction  methods  have  only  been  developed  for 
the  ease'  of  cylindrical  s|vcimens  etched  axisymmetrically  and  for  the  case  of  flat  plates  etched  on  one  side. 

For  cylindrical  s|H'cimens  it  may  be  shown  (c.g.  Ref  that  if  x-ray  stressc's.  , . are  measured  at  dec•^easing 

cross-section  areas,  fj . the  stress.  . in  the  undisturbed  sivcimen  at  cross  section  area  is  given  by 


a 


u 


^ "xsay.i  . 
i 1 


(31! 


The  formula  is  approximate  because  the  x-ray  stress  is  measured  in  discrete  steps  and  not  continuously.  Figure  .^4 
shows  an  example  of  the  application  of  Tijuation  (31!. 


Doi  and  Sato^  derived  a relationship  between  measured  stresses  and  the  stresses  in  the  undisturbe'd  sjH'cimen 
for  the  case  of  a flat  plate  etched  on  one  side.  When  the  stresses  were'  measured  on  the  etched  surfaces  they  found 
an  integral  equation  which,  using  summations  instead  of  integrals,  may  be  written 
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In  bquation  (32!.  / is  the  thickness  of  the  removed  material  layer  and  h is  the  original  thickness  of  the  plate 
The  first  summation  sign  is  due  to  the  normal  force  exerted  by  the  removed  mut>*rial.  and  the  seexmd  summation  is 
due  to  bi'nding  moments,  bquation  (32!  may  be  used  for  both  principal  stress  diix'ctions  of  th,'  plate,  A similar 
equation  was  derived  for  the  case  where  the  x-ray  strc.ss  measurement  and  the  polishing  occurred  on  the  !wo  opposite 
faces  of  a plate. 


4.1.5  SOME  FUTURE  NON-DESTRUCTIVE  STRESS  ME.ASURING  METHODS 

4.1. 5. 1 The  Ultrasonic  Stress  Measuring  Method  (See  Oiapter  3.6! 

Ultrasonic  wave  velocities  depend  on  the  stale  of  stress.  This  well-known  fact  is  now  in  the  early  stages  of 
development  as  a means  ot  measuring  both  loading  stresses  and  residual  stresses'’"'*.  Ultrasonic  waves  are  either 
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kMiiliudiMl  or  iiw«r  i.t.  th«  iwrtklc  motlom  irt  pmtttt  of  pcfpcndk\ttir  raftcUytly  to  the  4tf««tk>A  of  ilt« 
«m«t  piopHittow,  UtttMOAk  iIh-w  wawt  hm  ttw  umc  poltrltaliM  pto(»ity  m Hfitl  wtm,  Htdt  ihot  ill  iwrlkle 
molK>ni  Ik  in  thr  Mine  rlane.  'iTit  vtiocily  of  both  bngilMdinil  ind  iImw  warn  depend  on  the  stms,  hot  in  streu 
Morit  only  potarieed  kte»r  witret  Me  uacd,  bcvwK  the  chanpe  in  velocity  of  ■ poliHted  iheair  wave  dependi  on  the 
an|k  bctvicen  the  principal  strew  diiectloni  and  the  di.'cctlon  of  poiariution.  Usinp  ihw  waves  thus  fives  tnfonna* 
Hon  both  on  the  direction  and  the  difference  of  the  principal  stresm,  while  the  use  of  lonfdtudinal  waves  rl**s  in^o^ 
mation  only  on  the  sum  of  the  principal  streaws  and  not  their  direction. 


The  velocity  of  shear  waves  is  determined  by 

V,  - v/tu/pl  . (.'.It 

where  p is  the  shear  modulus  and  p is  the  density.  The  ultrasonic  method  exploits  the  fact  that  the  stress-strain 
curve  is  not  exactly  linear  (as  is  conventionally  postulated  in  Hooke's  law  of  the  theory  of  elasticity i.  i.e.  the  shear 
modulus  and  hence,  accordiny  to  Equation  (3d>.  also  the  velocity.  dependent  on  stress.  The  chanye  in  velixity  is 
found  to  be  proportional  to  the  stress  in  the  material  (Fiyure  35  *'iom  Reference  351. 

Before  the  ultrasonic  stress  mcasuriny  method  may  be  used  as  a standard  measuriny  method,  several  ditllculties 
have  to  be  solved.  The  first  problem  is  that  of  actually  yettiny  shear  waves  into  the  material.  The  normally  used 
coupliny  oihfilm  cannot  transmit  shear  waves,  so  either  a very  viscous  coupliny  medium  must  be  used  or  the  trans- 
ducer may  be  cemented  to  the  surface. 

A second  problem  is  caused  by  preferred  orientation  in  the  material,  which  also  chanyes  the  velocity  of  shear 
waves.  Preferred  orientations  of  one  or  more  per  cent,  which  are  often  encountered  in  practice,  may  completely 
hinder  residual  s.ress  measurements.  However,  it  is  still  possible  to  measure  loadiny  stresses,  because  the  velocity 
chanye  may  be  referred  to  the  velocity  at  ieru  loadiny  stress. 

.'he  measurement  yives  an  averaye  stress  value  in  the  material  volume  traversed  by  the  ultrasonic  beam.  The 
minimum  lenyth  of  the  path  is  of  the  order  of  10  mm,  and  the  minimum  width  of  the  ultrasonic  beam  is  possibly 
of  the  order  of  5 mm. 

4.1.5. 2 The  Knoop  Hardness  Sims  Mrasurinf  Method 

It  is  an  old  observation  that  the  hardness  is  dependent  on  the  state  of  stress  in  the  material.  The  normal 
hardness  testiny  methods  are  however  not  sensitive  to  the  diivction  of  the  stresses.  In  l'*64  Oppel*’  showed  that 
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intlcnUlHms  of  th^  KmH>p  diamond  *Fi>,.'o»  are  sensitiw  both  to  the  direction  ami  the  si/e  of  the  residual  stresses. 
The  Knoop  haisiness  is  computed  from 

HKm»*p  = 14,:3*P7’  tkp'mm^i  (34i 

where  P is  the  force  in  kp  and  / is  the  lensth  of  the  lonp  diaironal  v>f  the  indentation  >n  mm.  Oppel  showed 
the  followinf  equations  to  (h'  valid  a linear  ranee 


In  thev  formulas  ^1^ 


Ox  + 

= 1'at.lM^ 

.^Hy) 

(35) 

«x  - 

®y 

« Eb(.iH^ 

^ .^11,  ) 

(36) 

Mly 

are 

defined  by 

M*  - H, 

Hy  - H, 

= 

and 

AM,  =*  . 

(37) 

Ha 

' H, 

and  Hy  are  the  Knoop  hardness  with  the  lon|!  diaJ^mal  in  the  direction  of  the  suhs^Tipt.  The  ccK^tUcients  a 
and  b may  be  determined  from  a loadinyi  test  with  known  uniaxial  stress.  Both  a and  b are  negative.  H,  is 
the  hardness  in  tSie  stress-free  state.  Thus,  by  measurmp  the  Km>op  hardness  in  two  perpendicula;  directions  x and 
y , the  stresses  in  these  directions  may  be  found.  If  the  principal  stress  directions  an?  unknown,  the  hardnes.s  must 
also  be  measured  in  the  directions  x * 45“  and  y + 45“  and  the  stresses  in  these  directions  computed.  The 
principal  stresses  and  their  direction  in  relation  to  the  x and  y directions  may  then  be  computed  from  fvinmdas 
anatoimus  to  Equations  ( l.t).  ( I4>  and  (15). 

The  Knoop  stress  measurini:  method  has  the  followinit  characteristics; 

(I)  The  measured  stress  values  are  averain^  stresses  over  depth  of  approximately  10  um  (assumini:  a load 
P * I kp  on  steel  specimens) 


MM 


( Hw  ipttMi  in  haftlnm  mMMUtmvflti  ii  rather  iMyc.  Theterorv,  to  obtein  ■cv'vptabte  itmt  acvuracies  a 
larft  number  of  hanlnesi  measurementi  have  to  be  canted  out  in  the  turfact  region  of  intemi  (abmtt  10 
in  each  direction). 

(J)  The  indentation  mark  in  the  surface  makes  this  method  Kmimondestruclive,  because  the  fatigue  strength 
of  the  member  is  reduced.  The  defect  may  however  be  tepaired  by  pressing  a irinetl  ball  over  the  Knoop 
indentatkw.  in  this  way  the  stress  concentration  it  reduced  and  high  local  compressive  residual  stresses  are 
introduced  at  the  tip  of  the  indentation. 

id)  The  Knoop  method  is  atso  applicable  on  materials  other  than  metals.  Kacke  and  Fetl**  demonstrated  its 
use  on  different  polymers  at  well. 

Stenge)  and  Gaymann^  discussed  the  diffkulties  of  the  Knoop  method  and  gave  the  following  u^ain  causes  of 
uncertainty: 

tl)  Determination  of  the  reference  hardness  M«.  must  be  measured  at  a stress  free  apci  which  has  the 
same  basic  hardness,  if  it  is  nut  (Kitsibie  to  measure  li«  . then  only  the  dirierence  between  the  principal 
stresses  can  be  measured  (by  using  H|  or  ll|  instead  of  in  Kqualion  (J7».  A uniaxial  stress  stale 
may  be  measured  using  the  same  approximation. 

(2)  Scatter  of  hardnesaes.  The  inevitable  scatter  of  the  hardness  measuK^monls  causes  a corresponding  scatter 
in  the  meaMrcd  stress.  It  is  claimed  that  the  95't  error  limits  are  .tS  MN/m*  when  measuring  uniaxial 
strea  on  polished  2024  aluminium  alloy.  Fur  steel  the  corresponding  values  ate  t 100  MN/m*. 

(J)  Inclination  of  the  test  surface.  The  measured  stresses  are  very  sensitbv  to  the  angle  of  inclination.  An 
angle  of  0.5*  produces  a strea  error  of  40  MN/m*  in  aluminium  and  130  MN/m*  in  steel.  Reference  3*) 
gives  a correction  curve  for  inclination  errurv 

(4)  Curvature  of  the  test  surtace.  The  Knoop  hardness  is  very  sensitive  to  curvatures.  Kven  a siuall  curvature 
of  SO  mm  radius  causes  an  error  in  stress  of  400  MN/in*.  Curves)  surfaces  should  therefore  be'  machined 
flat,  but  it  h divubtful  whether  this  can  be  done  without  introducing  additional  disturbing  residual  stresses. 

tS)  Other  effects  which  influence  the  residual  stresses  but  which  are  dilTieult  to  evaluate  ({uantitalively  uk' 
texture,  plated  surfaces,  plastic  detormation  (work  hardening),  and  uneven  quenching  effects. 
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NDI  OF  WELDING 
G.Fenogtio  and  G.Magistrali 


4.2.1  INTRODUCTION 

Welding  is  a method  of  joining  parts  which  maintains  the  continuity  of  the  material  between  the  two  sections 
joined.  When  applied  to  metal  parts  it  provides  continuity  of  the  metal  surface  and  from  this  viewpoint  it  is  entirely 
different  from  other  types  of  permanent  joint,  such  as  riveting  or  gluing. 

This  achievement  of  metal  continuity  through  the  welded  joint  involves  the  f ? of  certain  amounts  of  the 
parent  metal  and  the  filler  metal. 

Fusion  implies  the  action  of  special  thermal  and  chemico-metallurgical  factors  in  the  welded  material.  The 
thermal  conditions  occurring  are  the  attainment  of  a temperature  higher  than  the  melting  point  of  the  parent  metal 
in  the  fusion  zone  and  the  achievement  of  a thermal  gradient  transverse  to  the  axis  of  the  weld,  such  as  to  cause, 
in  the  fusion  zone,  thermal  changes  in  the  parent  metal. 

Concerning  the  chemico-metallurgical  factors,  it  is  well  known  that  the  solidification  of  any  alloy  occurs  within 
a certain  range  of  temperature  and,  in  the  cooling  phase  which  follows,  structural  modifications  may  take  place  in 
the  alloy. 

Correct  welding  procedure  calls  for  strict  compliance  with  the  thermal  and  chemico-metallurgical  conditions 
required.  When  perfect  conditions,  depending  on  the  parent  metal  to  be  welded  and  on  the  welding  process  adopted, 
are  not  achieved,  the  metal  continuity  through  the  weld  shows  areas  of  discontinuity  (spots)  known  as  welding 
flaws. 


4.2.2  WELDING  IN  THE  AERONAUTICAL  INDUSTRY 

The  aeronautical  industry  has  universally  accepted  welding  as  a working  process  of  joining  metals  in  aircraft 
manufacture.  The  advent  of  supersonic  aircraft  has  brought  with  it  ever-increasing  operational  temperatures  and  more 
severe  service  conditions;  these  new  factors  have  further  emphasized  the  importance  of  this  technology  and  demand 
continuous  refinement  of  the  various  welding  processes,  as  well  as  the  development  of  new  techniques. 

The  processes  of  autogenous  welding  by  fusior  or  pressure  (resistance  welding)  are  the  most  interesting.  The 

choice  of  process  may  sometimes  be  difficult  since  it  requires  ,i  thorough  analysis  by  means  of  destructive  and  non- 

destructive corrosion,  impact  and  fatigue  tests  and  is  always  conditioned  by  the  following  factors: 

(a)  in-service  conditions  of  the  product, 

(b)  geometry  of  the  joint, 

(c)  structure  of  the  parent  metal, 

(d)  characteristics  inherent  in  the  various  welding  processes, 

(e)  characteristics  of  the  welds  made  by  the  various  welding  processes, 

(0  economic  considerations. 


4.2.3  INERT-GAS  TUNGSTEN-ARC  WELDING  (T.l.G.) 

The  process  of  welding  with  a gas  shield  and  a non-consumable  electrode  of  tungsten  is  the  most  widespread, 
and  it  can  be  either  manual  or  automatic.  Manual  welding  is  preferable  when  the  part  to  be  welded  is  of  irregular 
shape  with  variable  section  (e.g..  pipes,  accessories,  cowlings  and  cowling  components).  The  automatic  process  is 
preferable  for  longitudinal  welds  when  a minimum  of  distortion  and  the  smallest  possible  extent  of  the  heat-affected 
zone  are  required.  Automatic  welding  also  has  the  advantages  of  a high-speed  process. 

For  thicknesses  up  to  0.020  inch  it  is  not  practicable  to  add  metal  in  filler  rod  form.  In  such  cases,  on  each 
part  to  be  welded,  a flange  twice  as  high  as  the  thickness  of  the  metal  sheet  must  be  obtained  by  folding.  The  flange 
is  melted  and  so  provides  the  filler  metal  for  the  weld.  For  thicknesses  above  0.020  inch  it  may  be  necessary  to 
add  metal  in  the  form  of  fiJer  rod. 
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4.2.4  SHIELDED  METAL-ARC  WELDING 

Welding  with  a covered  electrode  is  a manual  process  of  welding  suitable  for  thicknesses  of  0.1 25  inch  or  more. 

If  compared  to  gas  tungsten-arc  welding,  which  has  replaced  it  in  recent  years  in  many  fields,  the  process  of  welding 
with  a covered  electrode  gives  rise  to  smaller  distortions  and  limits  the  formation  of  hot  cracks  on  those  alloys  which 
exhibit  this  phenomenon  during  welding.  The  aeronautical  industry  usually  prefers  welding  with  a covered  electrode 
in  the  manufacture  of  structural  components  of  a low-carbon  steel  or  low-alloy  steel. 


4.2.5  GAS  METAL-ARC  WELDING 

The  process  of  welding  with  a gas  shield  and  with  a consumable  electrode  is  generally  used  on  steel  and  aluminium 
alloys  of  considerable  thickness.  It  limits  to  the  minimum  the  distortions  due  to  welding  and  the  enormous  advantages 
of  this  amply  justify  its  widespread  use.  A typical  application  of  this  process  is  in  the  manufacture  of  in-flight  re- 
fuelling tanks  fur  jet  aircraft. 

The  automatic  process  is  the  most  common;  the  manual  process  is  generally  restricted  to  the  manufacture  of 
non-critical  components,  tooling  and  ground-support  equipment. 


4.2.6  GAS  WELDING 

Oxy-acetylene  welding  has  been  entirely  replaced  by  the  gas-shielded  process  with  consumable  and  non-consumable 
electrodes.  The  disadvantages  inherent  in  this  process  are  mainly  the  atmospheric  reaction  of  the  welded  zone  and 
excessive  heating. 


4.2.7  .ARC-SPOT  WELDING 

The  aeronautical  industry  employs  two  types  of  electric  arc  spot-welding:  with  gas  shield  and  non-consumable 
tungsten  electrode  and  with  gas  shield  and  consumable  electrode.  One  application  of  this  process  is  in  the  spot 
welding  of  undulating  sections  extruded  from  honeycomb  panels. 


4.2.8  STUD  WELDING 

Even  if  only  to  a limited  degree,  the  aeronautical  industry  uses  the  processes  of  percussion  stud  welding  and 
arc  stud  welding.  These  processes  are  essentially  utilized  for  anchorage  points  of  components  and  structures  that 
form  eo.uipmetit  mountings.  The  choice  of  welding  process  depends  on  the  thickness  of  the  material  to  be  welded 
and  on  the  requiret  diameter  of  the  stud. 


4.2.9  PLASMA  ARC  WELDING 

The  process  of  plasma  arc  welding  is  spreading  fast.  Thank  to  its  effectiveness  and  simplicity,  it  is  rapidly 
replacing  the  T.l.G.  process  in  many  applications.  By  comparison  with  the  T.l.C.  process,  plasma  arc  welding  does 
not  require  precise  control  of  the  distance  between  the  parent  metal  and  the  electrode  and  enabh's  welds  to  he 
obtained  that  are  much  narrower  (about  half)  and  of  as  good,  if  not  better,  quality. 


4.2.10  ELECTRON-BEAM  WELDING 

The  process  of  welding  with  electron  beams  is  chielly  used  to  obtain  a weld  of  high  purity  on  reactive  and 
refractory  metals.  The  advantages  of  electron-beam  welding  partly  arise  from  the  high  vacuum  and  are  partly  the 
direct  result  of  the  process  itself.  They  are:  high  purity  of  the  welding  atmosphere,  a limited  heat-affected  zone, 
strict  control  of  the  welding  heat,  high  operational  speed,  good  efficiency  of  the  joint  and  the  minimum  of  distortion 
due  to  shrinkage. 


4.2.11  SPOT,  SEAM  AND  STITCH  WELDING 

These  welding  processes  involve  melting  and  their  use  is  common  in  the  aeronautical  industry.  They  are  used 
especially  on  alloys  and  stainless  steels  employed  in  the  manufacture  of  both  structures  and  critical  components. 
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4.2.12  FLASH  WELDING 

Machines  for  flash  welding  ranging  from  20  kVA  to  more  than  1000  kVA  are  commonly  used.  The  applications 
of  this  process  are  numerous,  ranging  from  landing  gear  components  like  the  struts,  bracing  and  retraction  mechanisms, 
to  the  various  connecting  rods  of  the  engine.  The  materials  most  often  used  in  flash  welding  are  the  low-alloy  steels 
susceptible  to  heat  treatment.  In  some  instances  it  is  possible  to  utilize  stainless  austenitic  steels  and  titanium  alloys 
and  the  use  of  flash  welding  on  aluminium  alloys  is  becoming  very  popular. 


4.2.13  WELDING  OF  MATERIALS  USED  IN  THE  AERONAUTICAL  INDUSTRY 

Materials  with  high  strength/weight  ratios  are  the  most  important  for  the  aeronautical  industry.  Aluminium 
and  magnesium  alloys  possess  this  characteristic  and  are  the  most  used  structural  materials.  Where  special  ambient 
conditions  require  their  use,  low-alloy  steels,  stainless,  corrosion-proof  steels,  titanium,  nickel  and  cobalt  alloys  are 
eniployed. 


4.2.14  ALUMINIUM  AND  ALUMINIUM  ALLOYS 

The  properties  of  pure  aluminium  are  such  that  only  in  particular  applications  is  it  used  on  its  own.  Mure  often 
it  is  advisable  to  use  alloys  that,  maintaining  aluminium  as  a prominent  element,  have  an  extremely  low  specific- 
weight  (<  3 g/m^l.  The  alloy  elements  most  frequently  used  are  Cu.  Si,  Mn,  Mg,  Zn.  and  Ni.  They  can  fomr,  with 
aluminium,  binary,  ternary,  quaternary,  and  sometimes  even  more  complicated  alloys.  A list  of  the  weldable 
aluminium  alloys  used  in  the  aeronautical  industry  is  shown  in  Table  I.  The  commonest  welding  processes  are:  gas 
welding,  gas  tungsten-arc  welding,  gas  metal-arc  welding  and  resistance  welding. 
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4.2.15  WELDABILITY  OF  ALUMINIUM  AND  ITS  ALLOYS:  WELDING  DEFECTS 

4.2.15.1  Inclusions,  Accretion  of  Foreign  Particles  and  Fracture 

One  of  the  first  chemico-physical  factors  which  hamper  the  welding  of  aluminium  and  its  alloys  is  the  tendency 
of  aluminium  to  oxidation.  As  the  parent  metal  heats  up  during  welding,  it  is  reoxidized  progressively,  even  if 
previously  pickled,  and  when  the  fusion  zone  shows  refractory  qualities  and  specific  weight  of  oxide  higher  than  the 
metal,  can  easily  cause  inclusions  and  accretion  of  foreign  particles.  The  defects  increase  particularly  with  alloys 
embodying  magnesium,  because  of  its  strong  tendency  to  oxidation.  Further  difficulties  in  welding  arc  caused  by 
high  thermal  conductivity  of  the  aluminium  alloys  which  leads  to  significant  heat  absorption  on  the  part  of  the 
parent  metal,  with  consequent  changes  in  metallurgical  properties  extending  over  a wide  zone.  The  high  thermal 
factor  necessary  to  avoid  incomplete  fusion  and  accretion  of  foreign  matter  can  bring  about  the  opposite  defect,  i.e., 
fracture  of  the  joint,  because  the  strong  thermal  conductivity  tends  to  enlarge  rapidly  the  area  affected  by  the  fusion 
zone  once  this  has  appeared. 

Welding  of  aluminium  and  its  alloys  therefore  demands  the  use  of  welding  processes  that  are  characterized  by 
po  verful  sources  of  heat  that  are  so  concentrated  that  extension  of  the  heat-arfi-cted  zone  may  be  eliminated  alto- 
gether and.  with  it,  the  defects  just  mentioned.  From  this  point  of  view  gas  tungsten-arc  welding  is  the  most  suitable 
process  for  obtaining  welds  which  are  exempt  from,  or  have  limited,  oxide  inclusion  and  accretion  of  foreign  particles. 

4.2.15.2  Blowholes  and  Porosity 

A phenomenon  which  often  occurs  in  welding  aluminium  alloys  and  which  affects  their  weldability  in  many 
ways  is  the  appearance  of  blowholes  and  porosity.  The  problem  is  not  important  with  pure  aluminium  but  it  is 
serious  for  its  alloys,  especially  those  based  on  magnesium.  Blowholes  are  mainly  attributable  to  hydrogen,  whose 
solubility  in  aluminium  is  very  much  restricted  in  the  solid  state  but  increases  to  very  high  values  in  the  liquid  state 
and  decreases  markedly  with  temperature.  Hydrogen  can  arise  in  welded  joints  from  various  sources: 

From  the  atmosphere  surrounding  the  fusion  zone  during  welding. 

From  atmospheric  humidity  and  from  air  or  steam  jets  used  in  scorifying. 

From  crystallization  of  water  that  can  mix  with  the  oxygen  on  the  surface  and  which  can  always  be  found 

in  the  parent  metai  or  in  the  filler  rods. 

The  heat-affected  zone,  especially  in  the  transitional  area  from  the  fusion  zone,  is  generally  the  most  given  to 
blowholes.  They  can  appear  as  general  porosity  or  as  large  cavities.  Blowholes  are  disadvantageous  especially  near 
the  surface  of  material  overheated  by  the  proximity  of  the  heat  source,  and  can  burst  externally,  giving  the  two 
strips  on  either  side  of  the  weld  a pitted  look,  ugly  and  unsuitable  for  conosion  resistance. 
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Blowholes  may  also  be  found  in  the  fusion  zone,  especially  if  the  welding  process  is  characterized  by  a very 
rapid  cooling  of  the  fusion  zone,  as  occurs  in  gas  mctal-arc  welding.  Gas  tungsten-arc  welding  is  the  most  suitable 
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tnanual  process  for  achieving  welds  without,  or  with  very  limited,  porosity:  the  operator  can.  in  fact,  maintain  the 
fusion  tone  under  control  long  enough  to  dispel  the  gases  that  try  to  escape  in  the  fusion  /one  during  the  solidifica- 
tion phase.  The  advantages  offered  by  gas  tungsten-arc  welding  may  also  include  the  fact  that  it  is  always  easier  to 
peel  off  mechanically  the  thin  film  of  hydroxide  fiom  the  surface  of  the  filler  metal  used  in  gas  tungsten-arc  welding 
than  from  a filler  wire,  as  used  in  gas  metal-arc  welding. 

If,  for  reasons  depending  on  the  possibility  of  cracking,  for  reduction  of  the  heat-affected  /.one  or  the  welding 
speed,  it  is  necessary  to  employ  gas  metal-arc  welding,  it  is  preferable  to  use  larger  electrode-wire  diameters,  i.e.  wires 
with  a smaller  surface/volume  ratio. 

Suitable  remedies  fur  limiting  blowholes  and  porosity  are  as  follows: 

Chouse  a wellslegasified  metal,  rapidly  solidified  and  hot-rolled  immediately  after  solidification. 

Use  a dry  and  clean  filler  metal. 

Avoid,  as  far  as  possible,  the  use  of  tlux  mixed  with  water. 

Choose  root-preparation  and  welding  techniques  which  give  a high  ratio  of  the  free  surface  to  the  volume 
of  the  fusion  zone,  in  order  to  facilitate  the  release  of  gases  during  the  solidification  phase. 

4.2. 1 5.3  Tendency  to  Cracking 

During  welding  many  aluminium  alloys  show  a tendency,  to  a greater  or  lesser  degree,  to  cracking,  under  high 
temperature  conditions  near  to  those  of  “solidus"  and  in  the  last  stages  of  cooling.  Hut  cracks  are  the  most  common 
and  are  characteristic  of  alloys  having  large  solidification  times.  When  one  of  these  alloys  solidifies,  the  dendrites 
that  form  in  the  liquid  begin,  at  a certain  stage,  to  encroach  on  each  other,  giving  rise  to  a regular  lattice  of  grains 
between  whose  interstices  some  liquid  still  remains.  The  limited  section  between  grains  can  yield  under  shrinkage  due 
to  decrease  in  temperature  and  can  then  give  rise  to  cracks  that  the  remaining  liquid,  through  its  reduced  volume 
or  viscosity,  is  not  able  lo  fill  up.  There  is  thus  a "hot  fragility  interval"  during  which  cracks  may  appear;  it  is 
between  the  temperature  of  solidus  and  the  temperature  at  which  the  alloy  begins  to  take  on  cohesion.  Considering 
purely  binary  alloys  and  very  slow  cooling,  their  crack  sensitivity  is  greatest  at  their  highest  degree  of  solubility  in 
the  solid  phase  and  at  eutectic  temperature.  It  is  obvious  that  the  presence  of  other  alloys  or  a very  high  rate  of 
cooling  can  affect  this  to  a greater  or  lesser  degree. 

The  rate  of  cooling  tends  to  shift  maximum  crack  sensitivity  towards  lower  alloy  values.  For  pure  aluminium 
and  for  alloys  of  composition  identical  or  similar  to  the  eutectic  (also  for  the  Al-Mn  alloys  whose  solidification  time 
is  always  very  short)  the  intei'val  of  fragility  is  practically  null  and  the  risk  of  formation  of  hot  cracks  is  also  at  its 
lowest.  In  order  to  restrict  cracking,  the  choice  of  filler  metal  is  of  primary  importance:  its  composition  must  be 
such  that,  after  dilution  with  the  parent  metal,  alloys  of  minimum  tendency  to  cracking  result.  In  normal  industrial 
practice,  aluminium  alloys  are  usually  used  as  filler  metal  in  welding  processes: 

Pure  aluminium. 

Alloys  Al-Si  at  4 to  1 2%  Si. 

- Alloys  of  composition  similar  to  that  of  the  parent  metal. 

It  may  be  noted,  however,  that: 

- Pure  aluminium,  although  reducing  liability  to  cracking,  is  deficient  from  the  point  of  view  of  mechanical 
properties, 

- Al-Si  alloys  arc  successfully  used  to  weld  alloys  of  the  same  composition  and  offer  also  the  advantage  of 
limiting  hot-cracking:  if  used  on  alloys  of  different  composition,  they  have  the  disadvantage  of  inadequate 
mechanical  properties  and  of  corrosion  sensitivity. 

The  use  of  filler  metal  identical  to  the  parent  metal  represents  the  best  solution  for  the  welding  of  alloys 
not  liable  to  cracking;  for  alloys  liable  to  cracking  it  is  advisable  to  choose  as  filler  metal  an  alloy  of  the 
same  type  but  richer  in  alloy  elements.  For  instance  an  Al-Cu  4'?  alloy  which  tends  to  crack  if  welded 
with  filler  metal  of  the  same  composition,  reacts  much  better  if  welded  with  6 lO'r  Cu  alloy. 

Similar  considerations  affect  the  Al-Mg  alloys. 

It  is  possible  to  reduce  hot-cracking  by  resorting  to  additive  elements  such  as  titanium,  zirconium  and 
niobium  which  are  in  a condition  to  refine  the  grains.  Rate  of  cooling  also  plays  an  important  part  in  grain 
refining  and  therefore  welding  processes  of  the  shortest  duration,  like  gas  metal-arc  welding,  are  preferable. 


TABLE  I 


Aluminium  and  Aluminium  Alloys  Commonly  Used  in  the  Aircraft  Industry*'^ 


Description 

do  vern  men  t Specifh  at  ions 
Pertaining  to  Materials 

Clad  pUte,  sheet,  strip: 

2014 

QO-A  255 

2024 

OQ-A-362 

7075 

QO-A-287 

7178 

MIL-A-9183 

Rolled  bars,  rods  and 

shapes: 

2014 

QO-A-266 

2017 

QQ-A-351 

2024 

OO-A-268 

6061 

OQ-A-325 

7075 

QQ-A-282 

1100 

OO-A-41 1 

Extruded  bars,  rods  and 

shapes: 

2014 

QO-A-26  1 

2024 

QQ-A-267 

6061 

OO-A-270 

7075 

QO-A  ' ’ 

1100 

Mil  - ^45 

3003 

00-A-3S7 

Forgings: 

2014 

OO-A-367 

2219 

OO-A-367 

7075 

OO-A-367 

Sheet  and  plate; 

1100 

QO-A-561 

3003 

OO-A-359 

2014 

AMS-4C 

2024 

Q!,  '355 

2219 

MIL-A-8920 

5052 

Q(>A-318 

5083 

MlL-A-17358 

5086 

MIL-A- 19070 

5456 

MIL-A-79842 

6061 

QO-A-327 

7075 

QO-A- 283 

Tubing: 

1100 

WW-T-783 

3003 

WW-T-788 

2024 

WW-T-785 

5052 

WW-T-787 

6061 

WW-T-789 

SfH>t  and  Seant 
Welding** 


(las  Metal  and  (las 
Tungsten-Arc 


(I  ts  Welding 


Satislactory. 

Unsatisfactory, 

limited  weldability  (crack  sensitivity,  loss  in  corrosion  resistance  or  poor  weld  properties!. 

Applications:  general  airframe  structure,  cowlings,  fairings  ducts,  tanks,  etc. 

Owing  to  the  possibility  of  corrosion,  restrictions  have  been  placed  on  the  spot  welding  of  bars  of  1075. 
2024  and  2014  alloys  to  themselves  or  to  each  other  (see  MlL-\V-6858). 

From  Welding  Handbook.  Section  Five,  fifth  edition  (Chapter  '^D.  published  bv  the  American  Welding  Society 

(Cantinued) 
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TABLE  i (Continued) 


Dtscriplion 

Government  Specificatton 
Pertaining  to  Materials 

Spot  and  Seam 
Welding** 

Gas  Metal  and  Gas 
Tungsten-Arc 

Gas  Welding 

Castings; 

356  Perm,  mold, 

(JQ-A-596 

S 

S 

S 

356  Sand 

(JQ-A-601 

s 

S 

S 

355  Perm,  mold 

(J(J-A-596 

s 

s 

S 

355  Sand 

(3O-A-601 

s 

S 

S 

195  Sand 

<}(>A-601 

L 

L 

L 

220  Sand 

QQ-A-601 

U 

u 

U 

43  Perm.  mold. 

QQ-A-596 

S 

s 

S 

43  Die 

(J(>A-59I 

S 

S 

S 

13  Die 

QQ-A-596 

Codes; 


S - Satisfactory. 

U - Unsatisfactory. 

L Limited  weldability  (crack  sensitivity,  loss  in  corrosion  resistance  or  poor  weld  properties). 

**  Owing  to  the  possibility  of  corrosion,  restrictions  have  been  placed  on  the  spot  welding  of  bars  of  7075, 
2024  and  2014  alloys  to  themselves  or  to  each  other  (see  MIL-W-6858). 


4.2.16  TITANIUM  AND  TITANIUM  ALLOYS 

The  aeronautical  industry  uses  either  commercially  pure  titanium  or  its  alloys  for  the  c'onstmction  of  structural 
components  with  particular  mechanical  and  technical  requirements.  A list  of  the  titanium  alloys  used,  indicating 
their  relevant  degree  of  weldability,  is  given  in  Table  II.  The  strong  reactivity  that  titanium  possesses,  if  compared 
to  air  and  to  most  elements  and  their  compound.s  (exc'ept  the  inert  gases),  and  the  high  embrittlement  it  experiences 
when  contaminated  by  N,  O,  C and  H,  even  in  relatively  low  quantities,  advise  decidedly  against  welding  processes 
using  flux,  such  as  oxy-»cetylene  welding  with  covered  electrodes.  The  most  common  welding  processes  used  on 
titanium  and  its  alloys  are  gas  tungsten-arc  welding,  gas  metal-arc  welding  and  resistance  welding. 


4.2.17  WELDABILITY  OF  TITANIUM  AND  ITS  ALLOYS.  WELDING  DEFECTS 
4.2.17.1  Porosity 

In  welding  titanium  and  its  alloys  porosity  is  at  present  a persistent  defect.  The  techniques  and  process  of 
welding  can  affect  the  extent  of  this  defect  but  no  procedure  yet  exists  which  can  guarantee  freedom  from  porosity. 
The  main  cause  of  porosity  in  welding  titanium  and  its  alloys  are  gases,  and  particularly  hydrogen,  which  are  trapped 
in  the  fusion  /one  during  solidification.  The  hydrogen  that  remains  trapped  in  the  fusion  zone  may  originate  in  the 
following  ways: 

From  the  parent  metal  itself,  in  which  it  can  preexist  in  solution  as  an  impurity.  Welding  of  parent  metal 
with  hydrogen  content  of  100  p.p.in.  tends  to  show  porosity. 

From  the  filler  metal.  Filler  metal  with  hydrogen  content  in  100  p.p.m.  proportion  can  be  critical  for 
porosity  in  welding. 

From  humidity  in  the  parts  to  be  welded.  In  this  connection  mild  preheating  of  the  paamt  metal  is  helpful. 

The  possibility  of  obtainaing  a weld  without  porosity  must  be  related  to  the  degree  of  cleanness  v>f  the  parent 
metal  in  the  area  of  the  weld. 

Particles  a'sulting  from  grinding,  spattering,  grea.se  and  finger-marks  are  all  possible  causes  of  poaisity.  Light, 
superficial  oxidation  is  not  a serious  problem  in  relation  to  porosity.  Superficial  oxidation  of  the  parent  metal, 
like  the  presence  of  sulphur  or  air  in  the  fusion  zone,  may  cause  embrittlement  in  the  welded  joint  but  dws  not 
increase  the  porosity  appreciably.  Similarly,  the  dew-point  of  the  shielding  gas,  although  it  can  affect  the  hydrogen 
content  in  the  weld  and  consequently  its  embrittlement,  does  not  seem  to  affect  the  porosity  significantly. 

An  appreciable  effect  on  the  porosity  of  the  weld  is  also  due  to  the  welding  parameters.  Even  if  the  available 
data  are  conflicting,  it  is  possible  that  the  temperature  of  the  fusion  zone  and  its  cooling  time  arc  able  to  limit  the 
extent  of  this  defect.  In  many  instances  a marked  reduction  of  the  welding  speed,  causing  a lower  rate  of  cooling 
of  the  fusion  zone,  has  proved  useful  in  containing  the  formation  of  porosity.  From  this  point  of  view  gas  metal-arc 
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welding  ii  leu  suitable  than  gas  tungsten-arc  welding.  It  must  be  noted  that,  becauK  there  are  many  parameters 
affecting  the  temperature  of  the  ftjslon  rone,  it  is  not  always  pouibic  to  obtain  the  dv'sired  result  by  altering  only 
one  of  them.  Generally  speaking  it  is  true  that  the  sos:atled  “cold  welding"  causes  porosity. 


! 
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4.2.17.2  Tendency  to  Cracking 

Titanium  possesses  a high  yield  streu  and  a small  interval  between  yield  slreu  and  ultimate  streu.  As  a result 
the  relatively  high  residual  welding  stresses  are  not  compenuted  by  sufficient  deformation  of  the  cracks.  Of  particular 
importance  are  cracks  due  to  streu  corrosion.  In  certain  ambient  conditions,  the  residual  welding  streu  may  be 
strong  enough  to  supply  the  energj'  necesury  to  initiate  cracks  due  to  streu  corrosion  phcnome.ia.  Fingc^marks. 
salts,  {pease  and  sulphur  components  in  the  welding  tone,  before  welding  lakes  ptace,  can  all  create  the  cnviromncntal 
conditions  which  may  fK'ilitate  the  appearance  of  stress-corrosion  cracks.  It  is  then  of  great  importance  that  the 
parent  metal  is  carefully  cleaned  before  welding.  However,  it  is  necessary  to  take  special  precautions  in  this  operation 
also.  The  solvents  used  must  not  leave  residue  behind,  particularly  chlorinates.  Solvents  such  as  trichloroethylene 
and  methylenechloride  must  never  be  used.  Acetone,  alcohol  and  methyl  ketone  should  be  uud  instesj. 

TABLE  II 


Titanium  and  Titanium  Alioys  Commonly  Used  in  the  Aircraft  Industry* 


Nomina/  OtmposUitm 
fper  ctnt) 

Othtr  Desiftruiittns 
AMS  Military 

Spot,  Seam 
and  Fksh 

Gas  Metal  and 
Gas  Tiingsten-Arv 

6'as  and  Shielded 
Metal-Art 

No. 

No,  Ut 

WHding 

WeUiHg 

WeUing 

99.5 

4902 

S 

S 

U 

99.2 

4941 

T-9047B-I 

S 

S 

U 

4951 

99.0 

4900A 

T-7993B 

S 

S 

U 

99.0 

4901 B 

S 

S 

U 

98.9 

4921 

s 

s 

U 

Alpha  alloy  grades 

4910 

SAl-2.SSn 

4926 

4953 

S 

s 

u 

4966 

8AI"  1 Mo- 1 V 

In  prepar. 

In  prepar. 

s 

S 

u 

8Al-2Cb-ITi0>) 

In  prepar. 

s 

s 

u 

Alpha  - beta  alloy  grades 

8Mn 

4908A 

u 

u 

u 

4AI-3MO-1V 

4912 

4913 

u 

u 

u 

2.5  At- 16V 

1-8884(1) 

u 

u 

u 

5At-l.25Fe-2.75Cr 

u 

u 

u 

2Fe-2Cr-2Mo 

4923 

u 

u 

u 

4911 

6AMV 

4928A 

OS- 10737 

s 

s 

s 

4935 

OS- 10740 

Beta  alloy  grades 

13V-llCr-3Al  1 

4917 

s 

s 

LI 

Code; 


S Satisfactory. 

U Unutisfactory. 

(a)  Other  numbers,  T-12117  and  WA-PD-76C  (I),  apply  to  all  grades  and  all  priniucts;  't'-14S57,  T-145S8. 
T-9046C  and  T-9047C'  apply  to  all  grades;  and  T-8884  (ASti)  applies  to  various  grades. 

(b)  Formerly  Al-Cb-ITA.  All  data  given  are  for  the  8-2-1  composition. 

• From  Welding  Handbook,  Section  Five,  fifth  edition  (Chapter  ID  and  Welding  Handlnvok.  Section  Four, 
fifth  edition  (Chapter  73),  published  by  the  American  Welding  Society. 
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4.2.U  STAINLESS  STEELS 

For  the  manufreture  of  comiHHH'ntii  which  u|wratc  in  i^articulariy  corrmivc  atmospheres,  the  aeronautical  inilustty 
mainly  uies  austenitic  chrome-nickel  stainless  steels.  Martensitic  and  ferritic  stainless  steels  are  ran.'ly  used. 

The  most  c-ominon  weldinit  processes  are:  gias-shielded  arc  welding,  shieldcni  metal-arc  welding  and  resislancv 
welding.  A list  of  the  stainless  steels  with  chn)me-nickel  composition  most  commonly  used,  with  indications  of  their 
degree  of  svcIdabiUty.  is  given  in  Table  III. 

4.2.19  WELDAtIUTY  OF  AUSTENITIC  STAINLESS  STEELS.  WELD  DEFECTS 

4.2.19.1  Tendency  to  Cracking 

IX'fects  often  found  in  joints  made  by  the  action  of  heat  on  chrome-nickel  stainL.ss  steels  are  cracks  of  “hot" 
type,  that  is,  dcfc'cts  of  metallurgical  origin  which  may  occur  during  the  first  stages  of  sulidiftcation  of  the  weld 
metal.  MacroK'opie  cracks  may  appear  also  and  usually  have  a tendency  to  form  between  dendrites  in  the  fusion 
tone.  These  macrosc'opic  cracks  may  reach  the  surface  and  their  direction  may  be  longitudinal  or  transverse  to  that 
of  the  weld  and  may  even  be  branched  when  they  start  from  the  crater  which  fonns  at  the  tix-  of  the  weld. 

Tendency  to  cracking  has  been  found  more  frettuently  in  sieel  of  “stabili/ed"  type,  fiw  instance  AISI-.t47.  that 
is  used  under  heavy  duty  c'onditions  and  at  high  teiu|vrature.  Welds  on  this  type  oi  steel  have  shown  a tendency 
to  hot  cracks  in  the  heat-alYected  rone  of  the  weld,  although  it  is  not  clear  whether  such  cracks  appear  during  the 
welding  process  or  whether  they  originate  or  dev'lop  after  heat  treatments,  which  are  sometimes  applied  in  order  to 
keep  the  ferrite  content  low  in  the  filler  metal  or  for  expansion  purposes  in  view  of  stress-ctirrosion  phenomena. 

In  order  to  keep  hot  cracks  to  a minimum,  a wise  general  precaution  is  to  make  the  weld  rapidly  and  with  as 
little  overheating  as  pisssible;  this  limits  the  si/e  of  the  fusion  /one  and  s|veds  up  solidification,  1 or  this  purpose, 
processes  arv*  preferable  that  utilize  very  exmeentrated  heat  souives  and  so  permit  fast  and  liKali/ed  fusion  with  a 
small  increase  of  heat  (for  instance,  the  gas-shielded  arc  weldiiu!  and  the  shielded  metal-arc  welding  pn>cessesl. 

Small  and  undisturbed  fusion  /ones  help  ii'  protect  the  fusion  /one  itself  against  oxidation  Irvun  the  atmosphere.  In 
relation  to  the  formation  of  hot  ci  kKs  in  the  shielded  metal-arc  welding  procevs,  basic  covered  electrodes  give  higher 
reliability  than  electnxles  coverv'd  with  the  s^walled  "neutral"  i rutile-basic i covering.  This  fact  is  attributable  both 
to  the  higher  Si  content  of  the  rutile  electr«.Kle  and  to  the  shape  of  the  resistant  section  of  the  weld;  with  the 
“neutral''  electrode  the  section  is  at  the  ■ omc  lahvr  and  sharix-r  than  the  one  obtained  with  basic  elcctnidcs. 
and  is  thus  less  resistant  and  a souri.e  l more  couMsieut  shrinkage  ellecl.  In  accordance  with  the  need  to  limit  the 
si/.e  of  the  fusion  /one  and  the  oserheating  ol  the  parent  metal,  it  is  also  preferable  to  use  covered  electrodes  of 
smaller  diameter  and  it  is  advisable,  when  welding  by  multiple  runs,  to  check  the  weld  temperatim-  las  a general  rule, 
temix'ra’ures  not  greater  than  1 10  are  indicatedi. 

It  is  furthermore  preferable  to  utilize  a rvxvt-preparation  technitpie  which  involves  the  minimum  volume  of 
fusion  metal  and  a shorter  total  heating  time  ol  the  iviint.  because  fewer  runs  are  required.  From  this  point  of  view 
X type  preiviration  is  preferable  to  V ty qx- 

In  relation  to  hot  cracks,  it  must  bv'  borne  in  mind  that  a completely  austenitic  deposit  is  more  easily  given  to 
eraek  formation  than  one  with  mixed  austenitic-ferritic  structure,  (.  ompositions  of  the  type  25' i (.'r  20'.  Ni  or 

18'i  Cr  - 8'';  Ni  (when  it  is  completely  austenitic l are  more  liable  to  crack  than  compositions  of  the  type  18','  (,'r 
8'7  Ni  with  low  carbon,  the  type  18'  ; (.'r  8 . Ni  2' i Mo.  or  the  type  24'  ' ('r  I2'<'  Ni  2';  Mo  that  deposit 

a certain  amount  of  ferrite.  Because  of  this,  when  technical  requirements  for  special  types  of  construction  do  not 
prohibit  the  use  of  it,  it  is  preferable  to  employ  filler  materials  able  to  deposit  2 S',  of  ferrite  in  a structure  pre- 
valently austenitic.  Also,  with  a correct  welding  procedure,  hot  cracks,  on  austenitic  stainless  steel  can  sometimes 
occur  in  the  craters  at  the  end  of  the  weld.  I his  iwssible  defect  is  practically  olimin.ited  by  feeding  more  filler 
material  onto  the  slirinking  end  crater  before  switching  off  the  arc.  utilizing  current  generators  which  allow  a pro- 
gressive, .steady  reduction  of  the  welding  current  at  switch-off  jxvint.  or  else  forming  the  end  crater  on  a separate 
metal  plate  tnat  is  not  part  of  Uie  joint  itself.  It  is  also  gvxxl  practice  to  remove  the  seam  point  or,  at  least,  to 
melt  it  accurately  in  order  to  iiuxirporatc  it  inio  the  joint  itself. 

4.2.19.2  Purusity  and  Inclusions 

The  defects  of  porosity  and  inclusions  are  mainly  attributable  to  defective  cleanness  of  the  root  of  the  joint. 
Cleaning  is  a very  important  factor  in  the  achievement  of  strong  welds  on  austenitx'  stainless  steel  welding:  lack  of 
cleaning  favour  not  only  porosity  and  inclusions  but  also  the  formation  of  hot  cracks.  Grease  smears,  oil,  powder 
and  foreign  particles  (like  Fe,  Zn.  Cu,  slags  or  oxides  arising  from  previous  welding  ninsi  m ist  be  completely  elimi- 
nated from  the  roots.  In  this  respect  pollutions  v>f  S and  C are  particularly  dangerous  and  are  always  (xissible  if 
the  joint  contains  paint  stains,  chalk,  thennvxolour.  lubricant  or  liquid  used,  for  instance,  in  non-destructive  testing. 

It  is  good  practice  to  clean  mechanically,  with  a metallic  bntsh.  or  chemically,  with  a pickling  solution,  using,  in  the 
first  instance,  brand  new  tools  or  at  least  tools  reserved  for  stainless  steel  and  not  contaminated  by  use  on  other  tyix's 
of  steel.  It  must  be  remembered  tl'.at  clean  conditions  ate  especially  important  with  modern  welding  prvxesses  using 
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|Mi  ihkWinit,  where  p»od  pn^ei-rkm  ^Minsl  altnoaphvnc  a^h'iils  n putnibte  hut  it  n not  always  pomhtc  to  »coHfV  the 
arier^lTcvli  of  impurities. 


TAIILE  III 


AirtleitiHc  Qirome-Nklicl  Stainlrai  Steel  Catiniwmly  Utesi  in  AiKtafi  Ap|tlknlhMts*l** 
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L Limited  weldability  leraek  sensitivity  or  loss  in  com»sion  resistance  or  poor  weld  pro|vrtiesi. 


• From  Weldinti  Handbook.  Ss-ction  Five,  fifth  s'dition  (Chapter  ^li,  published  h>  American 
Weldinv  Society. 

(at  Corrosion-resistant  and  heat-resistant  applications;  c.vhaust  stacks,  fire  wails  a.)d  seals, 

surfaces  exposed  to  exhaust  vases,  hivh-pressurv  lines,  lavatory  eiiuipment  and  miscellaneous 
furnittire. 

(b)  Solution  annealinp  post-heat  treatment  re«|uired  to  dissolve  prv'cipitated  carbides  unless 
reduced  corrosion  resistance  is  acvvptable. 

(c)  Requires  specialised  techniques. 

(d)  Except  free  machining  bar. 

(et  May  be  s.itisfactorily  welded  in  thin,  smooth  sections. 

(0  Pi>or  accessibility  ai.d  fit-up  restrict  the  use  of  tubular  forms. 


4.2.20  NICKEL  AND  NICKEL  ALLOYS 

For  the  construction  of  welded  strtictures  characieriaed  by  hi,ch  resistance  to  corrosion  and  hivh  mechanic, al 
resistance  under  heat,  nickel  alloys,  of  the  solid-solution-strenvthened  type  and  of  the  precipilation-hardenable  type 
are  largely  used.  In  particular,  the  solid-solution-strenvihened  types  are  vonerally  used  when  there  is  a demand  for 
moderate  mechanical  strength  at  high  temperature  combined  with  exu-llent  characteristics  of  resistance  to  corrosion 
and  oxidation,  while  the  precipitation-hardenable  alloys  are  mainly  used  for  components  wheix-  high  stnmgth  weight 
ratios  and  excellent  resistance  to  “creep"  are  required.  A list  of  nickel  alloys  used  in  the  aemnautical  industry,  with 
indications  of  the  welding  prxKesses  applicable  to  them,  is  given  in  fable  IV. 

In  general,  on  the  nickel  alloys,  the  same  welding  prx»a-sses.  by  fusion  and  ivsistance.  as  for  clmimc-nickel 
stainless  steel,  are  applicable.  The  prevalent  use  of  thin  materials  favours,  in  particular,  wekling  proa-vses  by  fusion, 
such  as  shielded  metal-arc  welding  and  gas  tungsten-arc  welding;  different  types  of  n-sistance  welding  are  also 
frequently  used,  especially  spot  welding  and  roll  welding.  .Among  more  advanced  welding  pix>ccs.ses  by  fusion  applic- 
able to  nickel  alloys,  gas  metal-arc  welding  is  of  particular  interest.  es|H'cially  in  rv-lation  to  the  cum'iit  need  to  weld 
thin  metal  sheets  in  every'  position;  the  so-called  “thin  thread"  version  of  this  pnvess  which  involves  transfer  of  the 
filler  metal  is  of  the  type  known  as  “gas  shorting-arc".  .An  ever-increasing  interest  is  also  evident  in  electron-beam 
welding  and  submerged  arc  welding. 
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4.2.21  WELOAMUTY  OF  NICICEt  AND  ITS  ALLOYS.  WELDING  DEFECTS 

TK*  wv'KIiiti  of  nickel  anil  ils  alloy!i  iloc'!i  not  generally  iwtsent  imealcr  ilirrtcullic!i  than  the  weldinp  of  chm’-.ic- 
nickel  atainleti  *teel!i  of  aimilar  austenitic  stmctuie.  However,  the  severity  of  the  workinft  ettnditions  that  a nicke' 
alloy  must  normally  bear  result  in  a ret|uitemenl  for  perfectistn  of  the  weld  tnot  merely  an  absenve  s>f  the  traditional 
feometrica)  discsmtinuitiei  called  wekiiny  defectsi;  to  obtain  (his  perfection  it  is  nss.vsiar>'  to  comidy  strictly  with  the 
precautions  recommended  by  |toi>d  workdio)'  practice  for  stainless  steels.  Such  precautions  ctmeem  essentially  the 
need  to  avoid  pollution  by  foreign  particles  that  can  produce  not  only  weKi  defects  but  can  als)>  he  potential  causes 
of  seriiHts  deteiioration  of  the  mechanicat  and  anti-corrosion  properties  of  the  j«Mnt  under  scrvkv  conditions. 

4.2.21.1  IncsMMptale  Root  Fenrtration.  Wowlioln 

Some  nickel  alloys  c.vhibit  a n.'duced  lluidiiy  of  the  fusion  rone,  which  can  cause  dilTiculty  in  achie  <ng  the  lltsl 
welding  run  and  hring  about  defeclisv  root  penetration.  The  defect  can  occur  especiall>  in  welding  prsnesscs  usiitg 
shielded  gas.  To  compemsate  for  the  redticed  Iluidity  of  the  fusion  rone  one  generally  resorts  to  mt  tun  rc‘-touehing 
in  preparing  the  remts  of  the  joint,  for  instance  on  the  “shoulder"  and  at  the  ends  in  V wc'lds,  and  to  a light  pre- 
heating tof  50“  to  1 50*n. 

Pivheating  favours,  amongst  other  things,  the  cx|>ulsion  from  the  fusi  m rone  of  the  gaws  ill,  N)  that  tend 
otherwise,  es|Kcially  with  pure  nickel  and  nickel-copiser  alloys,  to  gisv  rise'  i Mowholes 

However,  in  order  to  facilitate  |x-netration  and  dis|vl  the  tendenev  of  gas-indusion.  a mixture  of  argon  and 
hydri^gen  is  sometimes  used  as  tiv.'  gas  sliielJ.  instead  of  pure  argon:  this  allows  more  heal  to  he  conveyed  into  the 
fusion  i^one.  raising  its  temperature  because  of  dissociation  and  ivasscKialion  of  the'  intvlecules  of  hydrogen  according 
to  the  e'etuilihrium  H,  **  ill  r Q.  The  most  appropriate  pervenlage  of  hydroge'n  employed  divs  not  exceed  lO'-'. 

The  danger  of  blowholes  is  riso  reduced  h\  the  presc'nce  in  the  filler  metal  of  deoxidating  and  gas-fixing  elements 
such  as  aluminium  and  tit.'>nium.  With  the  aim  of  avoiding  increase'  in  the  loss  of  deoxidising  pro|'erties  it  may  help 
to  prevent  turhulenc'e  of  the  fusion  rone,  which  can  he'  caused  hy  excessive  s|vcvd  of  n:leasc'  of  the  gas  shield  and 
by  movement  of  iIk  welding  flash  or  the  rod  of  filler  metal.  Ahsolute  cleanness  of  the  surface  under  twalmeni  is 
always  extremely  imivortaiit. 

4.2.21.2  Slag  Inclusiuns 

In  using  the  cX'verc'd-eUvtrode  pnKcss,  it  is  pcvssihle  that  slag  inclusions  appear  in  the  weld  nretal.  This  Jefeet 
is  more  a characteristic  of  the  |varticu!ur  welding  pixwess  chosen  than  a pro|vrty  of  nickel  alloys,  and  it  is  meniioned 
here  in  order  to  omphasiro  how  impc'rtani  it  is,  on  parent  metals,  to  take  geal  care  to  n-nueve  the  slag  completely 
after  a welding  run  with  a covered  electrode.  Residual  slag  is  particularly  dangerous  in  welds  destined  to  oivrate  at 
high  tempcralurv:  surface  rv'sidual  slag  may  encourage  the  absorption  of  sulphur  from  corrosive  atmosphe^'s  and 
so  induce  embrittlement  from  sulphur,  while  in  alloys  containing  chrome  and  o|H'rating  in  oxidising  atmospheres  the 
slag,  which  melts  at  a lower  temix'raturc'  than  the  metal,  can  remove  the  surface  film  of  ehromcM»\idc'  and  lead  to 
corrosive  attack  underneath. 

4.2.21.3  Oxklr  Induxions.  Lack  of  Fusion 

Nickel  alloys  of  the  prc'cipilation-hardenable  type  cxvntain  elements  which  can  prcxlucv.  during  welding,  refrac'- 
tory  oxides  and  therefoa'  oxide  inclusions  and  lack  of  fusion.  The  danger  of  these'  defects  makes  indispensable 
proper  action  between  one  welding  run  and  the  next  m order  to  remove  the  existing  oxides  completely.  The  most 
elT'cient  cleaning  method  consists  oi  cano-hlasting  aiul  grinding  after  each  run:  the  use  of  a normal  metallic  bru.sh  is 
not  considea'd  suiTicienl.  A gas  shield  reversed  is  deeimd  indis|vnsahle  when  the  weld  alloy  has  a high  aluminium 
and  titanium  content. 

4.2.21.4  jrndrtK'V  to  Cracking 

The  solubility  of  silicon  in  nickel  may  seem  high  enough  to  limit  the  formation  of  daiigeauis  aitecties  with 
low  melting  point  and  consc't|uently  the  iHissihility  of  hot  crackc  forming  in  those  nickel  alloys  which  contain  it  to 
a certain  dega-e.  It  deca'ases,  however,  with  the  addition  of  copju'r  and  chrome,  and  the  aliens  i>f  nickel-chrome, 
nickel-chamie-iron  and  iiickel-coptx'r  aa'  sensitive  to  this  defect.  Particul.irly  sensitive  are  the  alloys  containin.e 
chrome  and  this  characteristic  must  be  borne  in  mind  .'specially  when  using  filler  metal  of  these  alloys  on  paa'iit 
metal  with  a high  silicon  content,  flic  critical  silicon  content  which  must  not  be'  exceeded  if  this  harmful  effect  is 
to  be  avoided  varies  from  alloy  to  alloy  and  is  alsci  affected  b>  the  welding  priKess  used.  It  has  tx'en  noticed,  for 
instance,  that  the  harmful  effect  brought  about  by  silicon  in  the  fusion  /one  of  the  weld  is  less  evident  in  ihe 
processes  using  inert  gas.  Cracking  can  also  occur  in  the  hcal-aftectcd  'one  of  the  weld,  but  to  a far  less  degree. 

The  metallurgical  effect  of  silicon  can  be  counteracted  by  the  aduition  of  niobium  in  the  filler  metal. 

Also  susceptible  to  cracking  in  Ihe  fusion  /one  are  alloys  containing  boron  in  ivrcentagcs  below  O.O.v. : crack 
Sensitivity  in  the  lieatsiffected  /one  ap|X'ars  to  be  mure  eontrollable.  with  these  alloys,  if  one  is  careful  to  use'  a 


wclibnt  pfomi  with  low  ipccifk  o^  eHwttiRf  ind  to  pten  lh«  ttructurc  w it  to  obtain  welded  jointt  with  the  leatt 
rigidity  poaibte.  The  harmful  cffevi  caused  by  boron  is  attributable  to  the  formation  of  intergranular  eutectics  with 
low  melting  point. 

A similar  effecl,  hot-crack  formation  in  either  the  fusion  tone  or  the  heat-af 'ected  tone,  is  also  noticcaNc  in  alloyt 
containing  tirconium  in  small  amounts,  say  0.1^;  fusion  welding  it  not  advitabh  on  such  alloyt  becauw  it  would  be 
difficult  to  avoid  cracking  in  the  heat-affected  tone.  The  metallurgical  reasons  fo.-  this  defect  on  such  alloys  is  alto 
attributed  to  the  formation  of  loar-melting-point  eutectics. 

To  avoid  the  incidence  of  cracking,  special  care  mutt  be  taken  against  pollution  by  sulphur,  phosphorus  and 
lead,  which  can  provoke  eutectic  reacliont  at  low  fusion  lempcratuie,  thus  contributing  to  hot-crack  formation,  which 
is  based  on  the  intergranular  brittleness  of  the  strsiclure.  Sulphur  it  the  most  likely  of  these  harmful  elements  because 
it  is  more  difncult  to  guarantee  its  exclusion  as  it  te.ids.  with  its  compounds,  to  forot  the  numerous  materials  con- 
tinuously used  in  industry  (thermocolour  pencil,  chalks,  culling  luhricanis,  grease,  paii  t)  and  it  is  also  normally 
c'ontained  in  the  industrial  atmosphere  to  which  alloys  may  be  exposed  during  storage. 

In  order  to  prevent,  as  far  as  possible,  the  cracking  of  nickel  alloys  in  general,  the  most  suitable  stage  fur 
exploiting,  during  welding,  the  best  • laractcristics  of  ductility  of  the  alloy,  is  that  t f annealing  or  solution  treatment. 
This  structural  state  guarantees  also  the  absence  of  possible  stren  from  work-hardening  caused  possibly  by  previous 
cxdd  plastic  prvKCssing.  Fur  alloys  which  can  be  hardened,  welding  on  material  already  “aged'  is  not  advisable  fur 
various  reasons;  the  aged  material  ulTers  little  ductility,  especially  at  the  temperature  reached  in  the  heat-alTected 
rone,  and  could  crack  under  the  internal  stresses  induced  by  welding;  the  heat  cycle  of  welding  can  destroy  locally 
the  elTc-ct  of  the  treatment  already  applied  to  the  parent  metal;  it  would  be  impossible  to  obtain  the  desircsl 
mechanical  properties  in  the  fusion  rone  withotit  further  ageing  of  the  tone  itself. 


TABLF  IV 


High-Nickel  .klloys  Cuinmonly  Used  in  the  .Aircraft  Industry* 
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4.2.22  TYPICAL  WELDING  DEFECTS  AND  THEIR  DETECTION  BY  NON-DESTRUCT!VE  TESTING 

or  the  various  defects  which  can  occur  during  welding  some,  as  previously  explained,  are  characteristic  of  the 
type  of  welding  process  used  and  some  o."  the  parent  metal  employed;  others  are  common  to  both  and  occur  often. 

In  the  general  scope  of  the  non-destructive  test  programme  for  checking  welds,  it  is  advisable  to  consider  to- 
gether the  various  types  of  defects,  independently  of  their  origin,  and  to  prescribe  appropriate  non-destructive  test 
methods  to  reveal  tfem. 

In  autogenous  A^elding  of  butt  joints  the  following  defects  may  occur: 

Undercuts  are  due  to  limited  fusion  on  the  surface  of  the  parent  metal  near  the  seam  and  to  incomplete  filling 
of  the  grooves  with  filler  metal.  They  are  revealed  through  X-rays  and  on  the  screen  they  appear  as  dark  grooves 
shading  off  at  the  s des  of  the  seam  (Fig.  I).  These  defects  do  not  represent  real  discontinuities  and  therefore  they 
are  not  revealed  by  any  other  non-destructive  method,  it  must  be  noted  that,  at  least  in  larger  welds,  these  defects 
are  not  visible  to  the  naked  eye  and,  unless  very  sharp,  they  aie  acceptable. 

Porosity  and  blowholes  are  caused  by  gases  in  the  fusion  zone  which  are  trapped  in  it  during  solidification. 

These  defects,  which  are  fairly  round  cavities,  are  usually  called  blowholes  if  their  diameter  is  !0  to  15  mm  or  more 
and  porosity  if  it  is  less  than  this.  These  defects  are  usually  revealed  by  X-rays  and  they  appear  as  dark  spots  easily 
distinguishable  from  other  defects.  The  .X-ray  screen  reproduces  their  shape  and  exact  location  and.  in  relation  to 
porosity,  permits  an  assessment,  albeit  a visual  one.  of  their  density  (number  of  pores  per  unit  volume).  Incidentally, 
they  can  also  be  detected  by  ul'rasonic  techniques  (especially  large  blowholes)  but  in  general  the  sensitivity  is  lower 
inasmuch  as  these  defects  tend  to  diffuse,  instead  of  retlcct,  the  beam.  Furthermore,  not  being  surface  defects,  they 
are  not  detectable  by  liquid  penetrants. 

Wormholes  are  defects  similar  to  blowholes  but  oblong.  They  are  clearly  visible  by  X-rays,  but  only  by  chance 
by  ultrasonic  and  other  methods. 

Herringbones  are  defects  consisting  of  a group  of  oriented  wormholes  (Fig. 2).  They  are  typical  of  welding  done 
in  a shielded  atmosphere,  without  proper  control  of  the  process.  The  defects  are  clearly  detectable  by  X-rays  but 
only  incidentally  by  ultrasonic  techniques  and  then  with  difficulty.  They  are  never  detected  by  other  methods. 

Porosity  describes  groups  of  pores  and  areas  covered  by  a large  quantity  of  pores  (Fig.3).  As  already  mentioned, 
these  defects  are  clearly  detectable  by  X-rays  but  not  at  all,  or  only  occasionally,  by  ultrasonic  methods.  They  are 
not  detectable  by  other  methods. 

Incomplete  root  penetration  consists  of  incomplete  filling  of  the  weld  (Fig. 4),  Compared  with  the  length  of 
the  seam  it  can  be  continuous  (more  often  in  automatic  welding)  or  discontinuous,  with  more  or  less  sharply  defined 
sections  (in  manual  welding).  It  is  a defect  easily  revealed  by  X-ray  and  ultrasonic  techniques.  No  other  methods 
are  used  unless  the  weld  is  without  reverse  pick-up  and  on  components  which  arc  not  closed,  for  example  tanks  or 
boxes.  In  such  cases  the  lack  of  root  penetration  is  detectable  by  the  naked  eye. 

La"k  oj  fusion  is  a defect  due  to  insufficient  heating  or  '.o  the  local  presence  of  oxide  and  it  can  occur  at  the 
root  of  ihe  weld  and  on  both  sides  of  it  (Fig.5).  It  can  be  detected  by  X-rays  and  appears  as  a thin  line  if  the 
direction  of  the  X-ray  beam  is  parallel  to  its  plane;  if  it  is  not  parallel  (the  most  common  case),  it  appears  as  a very 
shadowy  area,  sometimes  hardly  detectable  for  lack  of  contrast.  Because  of  this  factor,  the  usual  method  is  to  use 
ultrasonic  techniques  with  a transducer  than  can  generate  inclined  beams  (45°  80',  according  to  the  plate  thickness), 
inasmuch  as  the  echo  reflected  is  not  affected  by  the  thickness  of  the  defect  but  is  sufficient  for  the  defect  to 
create  two-dimensional  discontinuity.  Ultrasonic  testing  is  recommended  for  use  with  stainless  steels.  The  tendency 
shown  by  many  stainless  steels  to  grain  enlargement  in  the  welded  zone  can  make  difficult  or  impossible  the  use  of 
ultrasonic  methods,  because  of  the  excessive  absorption  of  the  ultrasonic  beam.  However,  if  the  welded  section  is  not 
too  large,  it  is  possible  to  restrict  the  attenuation  and  diffusion  of  the  ultrasonic  beam  within  acceptable  test  limits  by 
choosing  a sufficienily  low  frequency. 

Inclusions  are  foreign  particles  which  remain  trapped  in  the  fusion  zone  during  solidification.  These  defects 
are  detected  either  by  X-rays  or  by  ultrasonic  methods,  although  with  the  latter  it  is  not  always  easy  to  distinguish 
them  from  other  defects.  Non-metallic  inclusions  are  generally  formed  by  fragmentation  of  the  electrode  covering, 
i e.  by  fusible  slag.  Almost  always  they  are  thinner  and  thus  less  absorbent  than  the  surrounding  metal  and.  on  the 
X-rays,  appear  as  clear  spots  of  irregular,  fairly  round,  shape.  When  non-metallic  Inclusions  are  refractory,  they  appear 
on  the  X-rays  as  clear  spots  of  rather  jagged  shape  (Fig.6(a)).  If  the  inclusions  are  metallic,  they  may  appear  as 
clear  spots  or  dark  spots  according  to  their  relative  density  compared  to  the  surrounding  metal.  An  example  of  such 
inclusions  is  given  in  Figure  6(b),  which  shows  (apart  from  the  two  cracks)  a tungsten  inclusion  (shed  from  the 
electrode)  in  a weld  made  by  the  T.I.G.  process.  This  type  of  defect  is  not  considered  serious  if  the  dimensions 
are  relatively  small;  the  danger  increases  when  there  are  more  inclusions  close  together  or  in  line.  Similar  defects 
can  be  caused  by  inadequate  cleaning  between  one  welding  run  and  the  next  or  when  particles  of  the  parent  metal 
(lake  off  and  form  surface  inclusions  (Fig. 7(a),  (b))  which,  owing  to  the  high  temperature  during  welding,  tend  to 
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concentrate  on  the  edges  of  the  filler  metal,  giving  rise  incidentally  to  aligned  inclusions  In  X-ray  testing  of  very 
thin  weids  with  “soft"  rays  (low  kV)  it  is  necessary  to  use  very  fine  grain  film  and  to  take  appropriate  measures 
(e.g.  geometrically)  to  obtain  the  best  image  possible.  A distinct  image  is  indispensabie  in  X-ray  testing  of  oxides  of 
aluminium  and  magnesium,  because  their  densities  are  quite  near  to  iha*  of  the  matrix  in  which  they  are  trapped. 


Craters,  which  are  more  frequent  in  normai  than  in  automatic  welding,  ar;  characteristic  defects  that  may  show 
up  when  the  arc  is  interrupted  along  the  weld.  Rapid  local  cooling  may  prevent  the  release  of  gas  bubbles  (with 
consequent  formation  of  porosity)  and/or  produce  sir  all  cracks  in  the  radiai  direction  (Fig. 8).  These  defects  are 
detectabie  by  X-ray  testing  if  the  piane  ia  which  they  lie  is  parallel  to  the  X-ray  beam,  and  by  liquid  penetrants 
(generally  the  red  ones)  if  they  are  on  the  surface.  When  they  are  not  on  the  surface  they  are  satisfactorily  detected 
by  ultrasonic  methods,  through  inciincd-bcam  techniques  (45°  to  80°)  with  approp.hate  frequency. 


Hot  cracks  are  produced  during  the  first  stage  of  solidification  of  the  fusion  metal,  when  the  dendrites  of  solidifica- 
tion form  a coherent  reticule  of  grains;  in  the  interstices  some  liquid  remains  and  the  intergranular  sections  of  limited 
strength  can  yield  under  the  shrinkage  stresses  due  to  the  progressive  decrease  of  temperature.  These  defects  are 
detectable  easily  with  X-rays,  fairly  easily  with  ultrasonic  techniques,  but  not  at  all  with  liquid  penetrant  and  magnetic 
methods  uniess  they  are  on  the  surface.  Hot  cracks  (which  form  during  heating  and  successive  cooling  of  *he  metal) 
may  in  fact  be  considered  as  three-dimensional  defects,  with  the  possibility  of  producing,  when  examined  by  X-rays, 
a trace  of  different  density  (biackening)  on  the  film,  even  if  the  orientation  is  not  the  most  favourable. 


Cold  cracks  may  form  when  the  fusion  zone  has  already  solidified,  owing  to  high  stresses  during  the  cooling 
process.  These  defects  generally  form  in  the  fusion  zone,  but  they  can  also  occur  in  the  heat-affected  zone,  especially 
with  steel  alloys  or  high-strength  steel.  Cold  cracks  generally  have  a linear  or  jagged  appearance  (Fig.9).  For  thin 
welds,  or  in  cases  when  the  crack  is  expected  to  reach  the  surface,  the  methods  ot  detection  which  appear  the  easiest 
and  safest  are  the  liquid  penetrant  and  magnetic  methods,  even  though  care  must  be  taken  to  avoid  misleading  traces, 
owing  to  the  possibility  of  penetrants  remaining  in  the  interstices  of  the  surface  folds  after  washing,  or  to  variation 
of  magnetic  permeability  in  the  interface  with  the  filler  metal. 


Ultrasonic  methods  are  particularly  suitable  for  detecting  cracks  which  do  not  reach  the  surface,  because  this 
type  of  defect  forms  a discontinuity  which  is  highly  reflecting.  Generally  it  is  advisable  to  use  techniques  with  beams 
inclined  at  45°  to  80°,  according  to  the  thickness  of  the  plate;  the  basis  of  the  technique  is  illustrated  in  Figure  9. 
where  case  (a)  deals  with  a crack  in  the  filler  metal  and  case  (b)  with  a crack  in  the  heat-affected  zone. 


X-ray  testing  is  not  altogether  suitable  for  detecting  cold  cracks  inasmuch  as  it  requires  that  the  plane  in  which 
they  lie  should  be  approximately  parallel  to  the  direction  of  the  X-rays.  When  this  condition  is  obtained  they  are 
represented  on  film  as  sharp  traces;  otherwise  they  appear  as  shadowy  areas,  medium  dark  in  colour  and  with  little 
contrast;  cracks  which  lie  in  planes  very  much  inclined  to  the  direction  of  the  X-rays  are  not  detected  at  all.  How- 
ever, if  we  consider  only  very  thin  welds,  for  which  the  plane  of  the  cracks  is  almost  perpendicular  to  the  plate, 
namely  parallel  to  the  X-ray  beam,  the  limitations  just  mentioned  are  no  longer  valid.  In  spot  welding  the  defects 
which  can  occur  are  classifiable  into  fewer  types  compared  to  those  in  arc  welding.  The  heat  cycle  of  each  “nugget” 
is  extremely  short  and  interaction  of  the  liquid  metal  with  the  external  atmosphere  is  practically  negligible. 


The  classical  X-ray  of  a spot  weld  obtained  with  correct  values  of  the  welding  machine  parameters  is  that 
illustrated  in  Figure  10(a),  where  the  characteristic  clear  halo  surrounding  a circle  of  slightly  darker  background  is 
noticeable  and  is  due  to  the  forging  action  exerted  by  the  electrodes  (note  the  variation  in  thickness  as  shown  in 
Figure  10(b)).  The  liquid  metal,  piled  up  during  the  heating  phase,  cools  rapidly  through  the  action  of  the  surrounding 
material  and  of  the  electrodes,  and  the  nuggets  produced  are  characterized  by  a crystal  column  structure,  as  sketched 
in  Figure  ICKb).  The  main  types  of  defects  are  the  following. 


Pores  are  small  round  cavities  filled  with  gas,  generally  caused  by  inadequate  cleaning  of  the  surfaces  (Fig.  1 1). 
They  are  not  as  a rule  regarded  as  dangerous  defects. 


Shrinkage  cracks  are  cracks  positioned  roughly  radially  and  are  star-shaped  (Fig.  12).  They  appear  when  there 
is  excessive  heating,  and  they  are  almost  always  present  in  nuggets  of  excessive  size.  They  are  regarded  as  dangerous 
defects. 


Spattering  of  fuse  material  may  be  due  to  excessive  heating  and  thermal  expansion,  interfering  with  the  sur- 
rounding solid  material.  Contact  with  the  plate  and  imperfect  cleanness  are  other  possible  causes  of  this  defect 
(Fig.l3). 

Lack  of  fusion  appears  as  spots  with  minimum  mechanical  resistance,  owing  to  insufficient  heating,  and  thus 
without  enough  nugget  volume.  They  are  considered  dangerous  and  generally  lead  to  rejection. 

The  first  types  of  defects  (pores,  cracks,  spattering)  are  detectable  very  easily  by  X-rays.  Lack  of  fusion,  on 
the  other  hand,  is  not  directly  visible  by  X-rays  because  it  does  not  appear  as  cavities  or  thickness  variations,  which 
can  produce  variation  in  the  absorption  of  X-ray  beams.  However,  with  certain  materials  (of  low  ductility),  the 
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small  volume  of  the  melted  nugget  reduces  and  eliminates  the  forging  action  of  the  electrodes,  so  that  the  white  halo 
does  not  ap. ' ar  in  the  X-rays;  this  can  be  taken  as  a sign  (even  if  not  absolutely  definite)  of  lack  of  fusion.  Another 
sign,  even  though  indirect,  of  the  reduced  size  of  the  nugget  is  indicated  in  X-ray  testing  of  light  alloys  with  high 
copper  content,  owing  to  the  tendency  of  copper  to  migrate  from  the  exterior  to  the  centre  of  the  nugget.  This 
occurs  during  the  fusion  cycle  and  during  solidification  of  the  nugget  when  the  copper  tends  to  segregate  and,  being 
subject  to  heating  followed  by  cooling,  forms  an  outside  ring  of  tow  copper  concentration  and  a core  of  higher  copper 
concentration.  It  is  a relatively  small  variation  but,  because  of  the  enormous  difference  betwee>.  its  absorption 
coefficient  and  that  of  aluminium,  it  is  sufficient  to  show  up  in  X-ray  testing  as  a dark  halo  (of  diameter  nearly  the 
same  as  the  light  halo  of  the  forging  action)  and  a lighter  central  zone  indicating  copper  enrichment  (Pig.  14). 

There  has  recently  been  developed  an  ultrasonic  technique  of  high  frequency  (10  to  IS  MHz)  suitable  for  the 
evaluation,  through  multiple  echoes,  of  the  size  of  the  nugget  according  to  the  damping  of  the  ultrasonics.  Although 
it  has  proved  promising,  it  appears  to  be  too  expensive.  Some  attempts  to  use  ultrasonics  applied  directly  to  the 
electrode  of  the  welding  machine  have  been  made,  so  far  without  success. 

A modem  method  of  test  directly  applicable  on  the  welding  machine  or  on  the  part  during  welding,  seems  now 
to  be  offered  by  acoustics:  during  the  fusion  phase,  solidification  and  forging,  both  in  the  nugget  and  around  it. 

Very  strong  impulses  are  produced  which  free  energy  in  the  form  of  elastic  vibration  of  high  frequency.  A suitable 
transducer,  set  nearby,  can  capture  these  signals,  which  radiate  as  impulses  of  various  energies  and  frequencies;  such 
impulses,  for  each  welded  spot,  are  related  to  the  size  of  the  nugget  and  it  is  thus  possible  to  distinguish  the  welded 
spot  with  lack  of  fusion  (small  acoustic  signal)  from  the  large  and  average  one. 


4.2.2J  DANGER  OF  DEFECTS  AND  ACCEPTABILITY  CRITERIA 

With  regard  to  the  strength,  both  static  and  dynamic,  of  the  weld,  an  assessment  of  the  danger  of  defects  and 
the  relevant  acceptability  criteria  is  based  essentially  on  the  possible  effect  of  fissure  and  the  resultant  stress  concen- 
tration that  this  can  produce.  From  this  point  of  view  a classification  of  defects  implies  a division  into  two  main 
categories: 

(a)  Defects  which  are  round,  or  at  least  three-dimensional,  and  without  sharp  corners. 

(b)  Defects  with  sharp  corners,  generally  three-dimensional-shaped,  with  marked  effect  of  fissure. 

Category  (a)  comprises  blowholes,  porosity,  inclusions  etc.  These  defects  are  not  liable  to  spread  under  fatigue 
conditions  inasmuch  as  they  do  not  have  sharp  corners:  they  can  be  accepted  if.  under  the  prescribed  conditions, 
they  are  of  dimensions  tolerable  for  static  strength. 

Defects  of  category  (b),  on  the  other  hand,  cause  stress  concentration  and  are,  furthermore,  lively  to  spread. 

Cold  cracks,  especially,  represent  a very  serious  danger  for  their  tendency  to  spread  under  fatigue  conditions:  they 
are  never  tolerated  in  welds  on  important  components,  in  addition,  defects  such  as  lack  of  fusion  and  lack  cf  root 
penetration,  hut  cracks  and,  finally,  aligned  inclusions  belong  to  this  category. 

Suitable  X-ray  standards  of  defects  in  welds  have  been  collected  and  issued  by  specialised  organisations:  the 
numerous  defects  illustrated  are  in  order  of  increasing  danger  and  importance.  In  acceptability  definitions  these 
standards  are  often  referred  to. 

It  must  always  be  borne  in  mind  that  the  criterion  of  acceptability  for  defects  of  the  two  categories  mentioned 
depends  not  only  on  their  importance  and  nature,  but  also  on  the  position  of  llie  weld  and  thus  the  influence  the 
defect  has  on  the  part  or  assembly.  It  is  self-explanatory  that  in  areas  of  low  stress  some  types  of  defect  can  be 
tolerated  up  to  a certain  limit,  inasmuch  as  they  do  not  give  rise  to  appreciable  stress  concentrations  or,  if  they  do, 
there  is  a considerable  margin  of  safety.  Conversely,  in  highly  stressed  areas  the  presence  of  a defect,  however  small, 
can  be  responsible  for  initiating  a fatigue  crack. 

In  considering  the  effect  on  safety,  it  must  be  remembered  that  in  an  aircraft  there  are  structural  components 
and  mechanical  parts  of  primary  importance,  while  there  are  others  of  secondary  importance  by  comparison:  the 
acceptability  criteria  of  defects  are  also  related  to  the  function  of  the  particular  welded  component. 

It  is  obvious  that  the  various  types  of  possible  defect  in  welding  can  be  classified  according  to  their  nature  and 
origin,  but  they  differ  widely  in  shape,  position,  importance  and  so  on.  In  this  respect  the  personal  experience  of  an 
inspector  entrusted  with  acceptance  is  of  great  help  in  the  interpretation  and  assessment  of  defects:  but.  because  of 
the  situation  just  described,  he  would  find  himself  compelled  to  pass  judgement  based  on  personal  concepts,  to  decide 
on  very  complex  requirements  not  easily  assessed  solely  according  to  his  own  specific  competence.  To  give  him  a 
chance  of  being  more  objective,  using  generally  applicable  criteria,  the  idea  has  been  established  of  creating  classes 
with  a different  degree  of  severity  for  the  acceptability  of  defects.  Referring  to  X-ray  standards,  the  most  severe 
class  will  permit  the  acceptance,  for  instance,  only  of  defects  of  minimum  order  in  category  (a),  excluding  absolutely 
any  defect  of  category  (b).  The  less  severe  class  will  permit  acceptance  (referring  always  to  standards)  of  defects 
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progressively  greater  of  both  categories.  The  classification  is  generally  established  by  the  design  olTices,  in  cooperation 
with  those  responsible  for  quality  control,  and  can  ri'fer  to  the  cotnponent  or  only  to  its  critical  zones.  The  category 
in  which  the  particular  component  is  placed  is  shown  on  the  relevant  drawing  or  quality  control  specification;  the 
inspector  responsible  for  acceptance  is  now  able  to  judge  the  defect  by  comparison  with  similar  defects  reproduced  in 
the  standard,  and  referred  to  by  the  class  in  which  the  part  under  in.spection  appears.  A simple  scheme  of  classifica- 
tion of  components  according  to  their  use  is  now  given. 

Class  ! This  class  comprises  components  whose  failure  during  take-off,  flight  or  landing  may  cause 

(a)  structural  failure, 

(b)  loss  of  control, 

(c)  engine  failure, 

(d)  inability  to  actuate  the  landing  gear. 

If  the  failure  results  only  in  damage  through  a second,  unlikely  event  (for  instance,  the  damage  to  the  rudder 

control  cable  caused  by  failure  and  collapse  of  a radio  antenna)  the  component  does  not  come  within  Class  I. 

Class  2 This  class  includes  components  under  specification  which  do  not  belong  to  Class  I . 

Class  .?  This  class  includes  components  not  under  specification  or  under  slight  specification. 

The  classification  just  described  relates  specifically  to  X-ray  testing,  but  it  is  applicable  (and  it  is  applied)  also 
to  other  non-destructive  methods.  In  ultrasonic  testing,  for  instance,  for  each  class,  reference  can  be  made  to  pres- 
cribed specimens,  containing  artificially  produced  defects  of  different  types:  the  echo  of  the  particular  defect  is 
compared  with  that  of  various  standard  specimens. 

In  addition  to  what  has  already  been  said,  it  must  be  emphasized  that  an  acceptability  criterion  must  always 
consider  the  deterioration  with  time  of  a defective  weld. 

It  is  essential  that  the  departments  responsible  for  quality  control  and  acceptance  assess  the  degree  of  danger 
of  the  defect  with  this  in  mind,  evaluating  how  much  a defective  weld  can  be  further  weakened  in  time  by  in-service 
conditions  (atmosphere,  temperature,  stress),  by  the  structure  of  the  welded  material  itself  and  by  the  type  of  defect. 


t'ig.Wai.  (hi  liK'luskms 


Fig.  13  Spattering  of  fusion  metal  Fig,  14  Spot  weld  on  light  alloy  with  high  copper  content  (C'4-5  TN- 10/40). 

.-Iftoir:  normal  spot  weld  with  characteristic  halo  due  to  copper  migration. 
Below:  imperfect  spot  weld  with  halo  reduced  and  indistinct. 
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4J,1  INTRODUCTION 
4J.I.I  Hbtury 

From  the  befinitinn  of  Aviation,  adhesives  have  been  used  in  the  construction  ot  wooden  aircratl.  Aircratl 
rigid  structures  were  achievt'd  by  stacking  their  bonded  wooden  sheets  (spar  tlanges,  plywtH>d  cores,  propeller  blades 
etc.)  but  the  actual  development  dated  from  the  second  world  war  thanks  to  plastics  chemistry  improvements  and 
in  particular  thermo-setting  materials  (phenolic  and  later  epoxy  resins). 

At  the  beginning,  sandwich  structure  cures  were  made  up  of  low  density  materials  such  as  balsa  wimd,  cork, 
rubber  foam,  plastic  foam,  etc.  Altuough  some  of  these  materials  are  still  being  used,  the  great  majority  of  current 
sandwich  stiuctures  incorporate  honeycomb  cores  (Fig.l). 

4,3. 1.2  Advantages  of  Bonded  Stnictores' 

Two  types  of  bunded  structures  are  now  being  used: 

Metal-to-Metal  bunded  structures. 

Sandwich  structures, 

4. .i.  1.2.1  .t/er«i/-ro*A/era/  Bom/cx/  Stnn  tun'i 

This  covers  the  assembly  of  two  parts  by  means  of  a bonding  adhesive.  Two  major  groups  can  be  retained: 

StitTener  bonding  (refer  to  Figure  2)  which  makes  possible  a thin  skin  stabilization.  Such  pn>cess  then 
replaces  riveting  or  spot  welding  and  helps  in  improving  mechanical  and  abene  all.  fatigue  strength  properties 
as: 

(a)  the  stabilizing  rcinfoiwment  mating  surfaces  are  evenly  and  constantly  Uvjdcd. 

(b)  the  bonded  joint  stops  fatigue  crack  propagation. 

Reinforcement  bunding  (see  Figure  .^)  by  which  the  use  of  the  lamination  method  makes  pos,siblc  local 
reinforcement  replacing  conventional  or  chemical  machining,  thence  entailing: 

(a)  Material  saving  (sometimes  in  a most  substantial  way). 

(b)  Greater  safety  capability  against  crack  propagation. 

4 J.  1.2. 2 BitnJeU  SanJwii'h  Stnu'turvs  (see  Figure  4) 

From  the  design  view  point,  bonded  structure  proves  to  be  the  best  achievement  of  skin  stabilization  techniques. 

In  general,  honeycomb  cores  are  used  for  load  carrying  structures  and  withstand  shear  stres,ses  while  skins  with- 
stand both  compression  and  tensiK*  stresses. 

This  results  in  a signitlcant  weight  gain  as  compared  to  conventional  structures  with  stiffeners,  and  thanks  to 
component  consistency,  fatigue  strength  is  improved  (mostly  acoustic). 

Attachment  points  constitute  nevertheless  the  most  critical  areas  in  honeycomb  panels  and  must  K'  particularly 
well  designed. 

4 / , J,  J . \/){>Ui'atioHs 

The  advantages  bonded  structures  and  especially  honeycomb  sandwich  structures  offer,  are  obvious  in  several 
fields.  Nowadays,  there  is  no  aircraft,  missile  or  satellite  which  do  not  incorporate  bonded  structures  and  notably 
honeycomb  sandwich  stnictures 

Adhesive  bonding  is  increasingly  used  for  the  manufacture  of  components  such  as:  fuselage  and  wing  panels, 
bulkheads,  slats,  tlaps.  airbrakes,  landing  gear  door  panels,  fairings,  tail  units  coinpiments.  helicopter  blades.  l1o»vr 
panels,  etc. 


S)2 

4J.IJ  Mpi  Facton* 

4.J.LJ.I  Imfmct  Rtstsimcr 

It  ii  ncnenlly  admitttd  that  a thin  akin  panel  can  succeufttlly  take  appUcU  tensile  and  compression  stresses. 
However,  in  practice  much  thicker  skin  panels  are  beinf  used  to  withstand  impact  Hsads.  In  elTect  a thicker  panel 
has  a high  enetfy  dissipation  capability  over  a latfer  surface,  which  decreases  the  loads  applied  to  the  honeya>mb. 

4.JJ.J.2  EmiroHmrntil  Cbndttkms 

Temperature,  exposure  at  such  temperature,  humidity  and  reshtane'e  to  several  fluids  and  pases  must  be  assessed 
early  in  the  dcsiiat  stage.  The  elTect  of  loads  under  all  these  different  environmental  conditions  must  not  be  under- 
rated. 

Table  I provides  data  on  material  selection  according  to  their  working  temperature. 

TABLE  I 

Matariaia  Satectfam  Accotsttng  to  Working  Tempcratuic’ 


Tempentun 

CO 

Otrt 

mattriiU 

Adhesiiv 

Up  to  175 

Aluminium 

Aluminium 

Resins 

Up  to  250 

Fibreglass 

Laminates 
Steel  or  Titanium 

'’.esins 

From  175  to  500 

Steel 

Steel  or  Titanium 

_] 

Brazing  or  welding 

4.3. 1.4  Materials 

4.3. 1.4. 1 Mere/  Sheer  focingi* 

Till  now,  the  majority  of  sandwich  structures  incorporated  alumini  im  alloy  or  plastic  reinforced  tlbrvgUss 
facings.  Steel,  wood  or  paper  have  been  used  likewise  and  probably  their  use  will  be  developed  in  future.  Other 
materials  such  as  carbon  fibre  cxrmposites  are  liable  to  be  developed  because  of  the  great  advantage.s  they  offer. 

Aluminium  facings  are  mostly  from  0.3  to  2 mm  thick.  Steel  and  titanium  facing  thickness  ranges  from 
0.1 2S  to  1 mm. 

But  there  are  specific  cases,  where  reinforced  plastic  facings  or  plastic  cores  must  be  used  for  the  construction 
of  components  such  as  radomes  or  any  other  structures  requiring  electrical  transparency  properties. 

Plastic  facings  associated  with  aluminium  paper  or  foam  cores  can  be  likewise  used  for  the  following  reasons: 
easy  forming  of  complex  parts,  weight  control,  insulation  and  thermal  radiation,  high  temperature  resistance  and 
higher  impact  resistance. 

4. 3.1. 4. 2 Himeycomb  Corr 

Honeycomb  cores  are  produced  in  a great  variety  of  materials  including  aluminium  alloys,  stainless  steel,  “Super 
Alloys”,  paper,  resin  impregnated  fibreglass  (NOMEX). 

Core  density  may  vapi  with  ribbon  'hickness  and  cell  siae.  Usually  c\>re  height  ranges  from  5 to  25  mm.  but 
may  reach  ISO  mm  and  esen  300  mm  (lor  instance  for  surface  cvmtnds).  Ribbon  thickness  ranges  fi\>m  13  to  130 
microns  - and  regular  cell  size  ranges  fix>m  3 to  10  mm. 


4.3.2  BONDING 

4.3.2. 1 Bonding  Adhesives 

4.3.2.1.1  DU'jerrnt  Boitdinn  ,4iiHeu\vs' 

Bonding  adhesives  available  on  the  market  and  intended  for  aeronautical  use  are  supplied  under  the  following 
different  forms: 
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Solid 

As  sticks,  early  solution  which  is  now  practically  abandoned  because  ot  the  dilTicult  conditions  ol  applica- 
tion it  offers. 

Powder 

Again  an  old  solution  still  in  use  but  requiring  special  equipment  and  tools. 

Paste 

This  solution  rather  applies  to  repairs,  to  tool  jig  construction  and  insert  bonding  in  sandwich  structures. 
lUm 

It  is  the  most  widely  used  solution  for  structural  bonding  because  of  the  simplicity  of  preparation  and 
handling  it  offers.  Adhesive  films  are  commercialized  in  the  form  of  rolls  about  1 meter  wide  and  50  m 
long. 

A pre-jellifted  resin  generally  impregnates  a carrier  which  can  be  as  follows; 

• fibreglass  or  synthetic  fibre  fabrics 

• synthetic  fibre  knitted  fabric 

• dispersed  fibres 

• glass  microbeads 

which  results  in  a relative  adhesive  film  flexibility  for  contoured  structure  bonding  and  entails  an  acceptable 
minimum  bond  thickness. 

There  are  also  other  bonding  adhesives  without  carriers  which  arc  advantageous  for  their  low  density  per 
square  metre  and  can  be  used  for  any  bonding  applications. 

Foam 

It  is  intended  for  hoi«eycomb/honeycomb  adhesion  and  honeycomb/edge.  It  is  available  in  the  form  of 
sheets. 

4.J.2.I.2  Adhesive  Curing  Conditions 

In  order  to  achieve  optimum  mechanical  properties  at  initial  and  aged  condition,  three  major  parameters  must 
be  controlled: 

pressure  applied  to  the  glue  line, 
curing  temperature, 
curing  cycle  length. 

As  a rule,  adhesive  paste  hardens  at  ambient  temperature  nd  only  requires  the  application  of  a simple  pressure. 
On  the  contrary,  structural  adhesive  films  are  thermo-setting  and  require  specific  cure  temperatures  (of  the  order  of 
120°  to  170°C)  under  a given  pressure  (1  to  7 bars)  for  a period  of  time  which  generally  ranges  from  1 to  3 hours. 

4.  J. 2.  l.J  Bonding  I’roeess 

Boiiding  is  an  adhesion  process  by  molecular  attraction  between  two  parts  to  be  bonded  and  a third  factor:  the 
adhesive  which  is  placed  in  between  in  order  to  transmit  mechanical  loads. 

Bond  quality  is  conditioned  by  two  completely  different  important  factors. 

adhesion  of  the  adhesive  to  metal, 
cohesion  within  the  bond  (see  Figure  5). 

4. 3. 2. 2 Honeycomb  Cure  Manufacturing  Processes 

4.J.2.2.1  Uonevcomb  Core  Miiniilaeluring 

Honeycomb  structures  are  made  from  thin  metal  foil  the  gauge  of  which  generalh  .aiiei's  from  13  to  130 
microns.  There  ire  two  basic  honeycomb  core  manufacturing  processes  as  follows; 

l irst  iir.jiess  or  corrugation  process  (see  I-igure  (>) 

Thin  web  strips  are  fed  to  two  corrugated  rolls  which  transform  them  into  corrugation  sheets.  I hey  are  then 
stacked  into  a honeycomb  block  and  bonded  tor  brazed  in  the  case  of  stainless  steel  sheetsl. 

Second  process  or  cx/Htnsion  process  (see  Figure  7)  being  only  applicable  to  bonded  honeycomb. 

In  this  process  staggered  parallel  adhesive  ribbons  are  applied  on  either  side  of  the  web  material  at  regular 
intervals.  Sheets  are  cut  to  the  required  length  and  stacked  u.>er  upon  layer,  to  be  cured  in  hot  presses  into 
hobes.  Slices  are  sawed  from  the  hobes  and  then  expanded  into  hot.. yciunb  panels. 
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For  laminated  and  polyamide  paper  honeycomb,  it  is  necessary  once  expanded  to  dip  them  into  a resin  solution 
t'ollowed  by  a curinp  operation. 

4. 3. 2. 2. 2 Lay-Up  ffocess 

Lay-up  process  can  be  broken  down  into  three  major  steps: 

(a)  surface  preparation  of  the  components  to  be  bonded, 

(b)  adhesive  application.  Lay-up, 

(c)  pressure  application.  Curing. 

4.3.2. 2. 3 Surface  Prefxiration 

This  surface  preparation  is  intended  !o  remove  from  the  component  surfaces  to  be  bonded  any  foreign  matters 
such  as  grease,  oil,  dust  or  carbon  composites,  etc.  and  to  create  on  the  material  surface  optimum  conditions  to 
ensure  a total  adhesion  of  the  adhesive  to  the  metal. 

As  a rule  for  aluminium  alloys,  surface  preparation  is  a sulphochromic  degreasing  or  unsealed  chromic  anodizing. 

4.3. 2.2.4  Adhesive  Application  — Lay-Up  (see  Figures  8 and  9) 

Components  are  interfayed  with  adhesive  either  in  the  form  of  film  or  by  brush  coating  when  paste.  For 
adhesive  films  it  is  very  important  to  remove  protective  tapes  for  they  would  impede  tb-  adhesion  of  the  film. 

For  bonded  sandwich  structures,  the  lay-up  operation  consists  generally  in  positioning  first  the  lower  sheet 
facing,  then  the  panel  edge  members  and  then  the  assembly  is  clamped  in  position.  The  honeycomb  core  is  then 
positioned  into  the  edge  member  thus  fonned.  Finally  the  panel  is  closed  by  positioning  the  upper  sheet  facing. 

Once  clamped  the  lay-up  is  placed  in  the  autoclave  for  curing. 

For  complex  panels,  the  lay-up  operation  can  be  broken  down  into  two  phases  by  bonding  firstly  the  metal- 
to-metal  components  and  later  the  honeycomb  sandwich  sub-assemblies. 

4. 3. 2. 2. 5 Curing  Process 

4. 3. 2. 2. 5. 1 Differen  t mi  thods 

Curing  of  thermosett  ng  adhesive  bonded  structures  can  be  achieved  by  several  methods 

(a)  hot  press  for  flat  panels, 

(b)  ventilated  oven  for  fiat  or  contoured  panels, 

(c)  self-he.ated  mould  (oil,  vapour)  by  conduction, 

(d)  autoclave,  which  is  a pressurized  oven  where  both  temperature  and  pressure  are  controlled;  it  is  nowadays 
the  industrial  process  which  can  be  considered  as  most  adapted  to  component  bonding  carried  out  in  several 
steps:  fuselage  panels,  wing  panels,  control  surface  panels  etc 

4. 3. 2.2.5. 2 Autoclave  bonding  (see  Figures  10  and  II) 

The  panel  to  be  bonded  is  placed  in  a tool  as  shown  in  Figure  1 1 . 

It  essentially  includes; 

an  aluminium  alloy  support  plate. 

a synthetic  rubber  sheet  or  aluminium  toil  or  polyethylene  sheet  applied  over  the  panel  and  acting  as  a 

cover  for  the  sealed  vacuum  bonding  chamber. 

a sealing  device  made  up  of  platens  bearing  on  the  scaling  joints, 

suction  inlets  to  create  a vacuum  in  the  • uum  chamber  thus  formed. 

thermocouples  for  temperature  checking. 

Once  the  vacuum  chamber  is  operative,  a partial  vaccum  is  created  to  make  sure  there  is  no  leakage,  and  then  the 
lay-up  is  placed  in  the  autoclave  for  cure. 

4. 3. 2. 2. 5. 3 C uring  parameters 

To  obtain  a successful  curing,  it  is  necessary  to  conform  to  a certain  number  of  parameters: 

temperature  rise  time,  it  must  not  be  too  npid  in  order  to  avoid  high  thermal  gradients, 

curing  temperature, 

pressure. 

As  a rule,  all  these  parameters  are  recorded  to  make  sure  the  required  curing  conditions  are  properly  met. 


Failure  resulting  from  a lack  of 
adhesion 


Failure  resulting  from  a lack  of 
adhesion 


Fig. 5 Different  bonded  joint  failure  types 


CORRUGATED  BLOCK 
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CORRUGATED  SHEET 


)LL  CORRUGATING 

ROLLS 


, CORRUGATED  PANEL  , 

K--  L — ^ 

Fig.7  Expansion  process  of  honeycomb  manufacture.  In  this  process  all  bonds  are  made  simultaneously 
while  the  corrugation  method  is  essentially  a one-layer-at-a-time  operation. 

(“Hobe"  denotes  “honeycomb  before  expansion’’.) 
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Fig.6  Corrugation  process  of  honeycomb  manufacture.  Materials  which  can  be  converted  using  this 
process  include  metals,  plastics,  plastic-reinforced  glass  and  paper 


Fig.  10  Autoclave  of  2.4  m diameter  and  '4  m long 
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Flexible  sheet  ' 


Drain 


“NIDA”  block  . Fabric 
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4J.2.3  Honeycomb  Structure  Repain^ 

Honeycomb  structures  can  be  successfully  repaired  sometimes  very  easily  and  simply  without  in  most  cases  any 
alteration  in  strength  and  rigidity  (see  Figures  12-  IS). 

The  following  repairs  can  be  quoted: 

single  bonded  and  riveted  reinforcements  (Fig.  14). 
bonded  and  riveted  reinforcement  by  resin  Filling  (Fig.l2). 

elimination  of  defective  areas  replaced  by  honeycomb  bloclcs  with  resin  pouring  (Figures  I.)  and  IS). 


4.3.3  FLAWS  IN  BONDED  STRUCTURES 

Before  discussing  the  different  non<destructive  inspection  methods  which  could  be  applied  to  bonded  structures, 
it  would  be  advisable  to  analyse  the  different  ty|K's  of  Haws  liable  to  be  encountered  and  which  arc  typical  of  this 
type  of  construction. 

These  flaws  can  be  divided  into  two  main  groups: 

flaws  developing  during  manufacture, 

- Haws  developing  in  service. 

4.3.3. 1 Inspection  Process  During  Manufacture 

Many  flaws  may  appear  during  manufacture.  They  are: 

4. 3. 3. 1. 1 Spiking  Flaws 

This  type  of  defect  occurs  when  sheet  facing  and  honeycomb  core  joining  is  not  perfect.  During  manufacture, 
the  honeycomb  core  is  machined  to  be  inset  into  the  structure  formed  by  the  edgings  and  facings.  The  honeycomb 
core  depth  is  generally  greater  by  about  1/10  mm  than  the  edgings  in  order  to  ensure  a perfect  joining  with  absorp- 
tion of  the  adhesive  bond.  Such  condition  is  easy  to  achieve.  The  major  problem  is  in  areas  where  there  are  sudden 
variations  in  honeycomb  thickness  (edging  areas,  bonded  reinforcements  with  variable  facing  thickness  (see  Figure  16)). 
Such  areas  require  specific  honeycomb  core  machining  to  mate  with  these  thickness  variations  and  such  processes 
must  be  carried  out  with  great  care  and  accuracy. 

It  may  occur  sometimes,  in  order  to  obtain  an  excellent  joining  of  the  components,  to  locate  these  reinforce- 
ments or  variations  in  core  thickness  on  the  external  side  of  facing  (sec  Figure  17),  This  technique  may  sliehtly 
decrease  the  aerodynamic  features  of  the  Finished  component.  But  on  the  contrary,  they  greatly  improve  joint 
quality  and  ease  panel  construction. 

Figure  18  shows  examples  of  the  different  types  of  joint  which  arc  entailed  by  these  core  thickness  variations. 
When  machining  is  satisfactory  the  honeycomb  core  and  facings  mate  perfectly.  On  the  contrary,  when  machining 
is  too  deep  in  the  core,  as  seen  in  Figure  18(a),  an  unbonded  area  exists  between  the  facing  and  core. 

Figure  18(c)  shows  that  when  the  machined  area  is  unsufficient  the  facing  thicker  area  bears  on  the  protruding 
cells  resulting  in  ptnel  distortion. 

All  these  joining  flaws  are  among  those  most  commonly  found  during  manufacturing  processes.  And  they  are 
all  the  more  difficult  to  avoid  as  the  structure  is  more  complex.  These  flaws  generall>  are  elongated.  They  may  vary 
more  or  less  in  length  but  their  width  ranges  most  of  the  time  from  some  millimetres  to  some  centimetres.  They  are 
generally  located  along  the  edgings,  along  the  stiffeners  or  at  the  skin  thickness  variations.  When  inspecting  a finished 
product,  the  greatest  cure  will  be  given  to  the  examination  of  these  areas.  As  calibration  is  affected  in  the  greatest 
part  of  the  currently  used  techniques  by  facing  thickness  variations,  it  is  advisable  to  check  carefully  calibration  on 
either  side  of  such  thickness  variation  to  determine  if  the  reading  provided  by  the  instrument  results  from  thickness 
variations  or  from  a flaw. 

Figure  1*)  shows  the  different  flaw  types  to  be  found  in  edging  areas.  If  the  honeycomb  core  is  too  thick,  this 
will  result  in  a defective  Joint  with  the  edge  members.  If  on  the  contrary  honeycomb  core  depth  is  insulTicient, 
defective  joining  will  take  place  at  the  sheet  facing  level,  as  the  structure  rigidity  in  such  area  impedes  any  satisfactory 
adhesion  of  the  sheet  facings  to  honeycomb. 

Likewise  joining  flaws  may  be  found  in  honeycomb  expanded  panel  assemblies.  They  may  originate  from  a 
defective  dimensioning  of  the  honeycomb  expanded  panel  or  from  "he  effect  of  adhesive  which  when  curing  tends  to 
excessively  foree  apart  the  two  panels. 
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Toil  thin  honeycomb 


T»h)  thick  honeyw-omb 


Fig.  19  Defective  edging  to  honvycomb  joining 


Bondittg  Flaws 

Many  other  parameters  than  defective  joining  may  entail  bonding  defects  during  manufacture.  It  can  likewise 
result  from  the  use  of  a poor  quality  adhesive,  from  an  insufficient  surface  protection,  from  a curing  process  impro- 
perly carried  out  or  from  the  use  of  an  ill-adapted  toot.  It  is  then  avommended  when  bonding  a complex  structure 
for  the  first  time  to  perform  a preliminary  test  on  the  ttxd  by  applying  between  the  tixsl  and  the  structure  facing,  a 
coat  of  VKRIFILM  with  the  appropriate  temperature  and  pres.sure.  At  the  end  of  the  test,  a check  of  the  VFRIFILM 
coating  thickne.ss  will  help  in  making  sure  that  the  structure  was  properly  positioned  on  the  tool. 

These  parameters  being  easier  to  control  than  the  joining  itself,  this  type  of  Haw  is  less  frequent.  On  the  con- 
:rary.  they  can  be  found  all  over  the  structua'  surface  and  then'  are  no  pa'lVra'd  aa'as. 

Other  Flaws 

Flaws  may  a'sult  from  the  absence  i>f  bonding  adhesive  (such  an  omission  may  iKcur  during  manulacturei 

S«imctin".es.  the  bonding  film  is  correctly  positioned  but  the  protective  tapes  have  not  been  amoved.  This  typ> 
of  Haw  generally  is  very  difficult  to  detect  once  (he  panel  is  completed. 

We  must  mention  likewise  honeycomb  Haws  (cnished  cells) 

Finally  the  defective  sealing  of  a completed  panel  may  likewise  be  considead  as  a defect  for  it  can  entail  further 
flaws  found  during  maintenance  such  as  water  entrapment  and  coraision 

4.3. 3. 2 Inspection  During  Maintenance 

Flaws  lial.ic  to  be  detected  during  maintenance  are  practically  the  same  as  these-  found  during  manufacture. 
However,  as  a rule,  they  can  be  easily  delected  after  the  stnictures  have  been  stres,sed  in  service.  Failed  bimds  are 
then  obvious  and  the  data  provided  by  the  inspection  er|uipment  much  easier  to  interpret. 
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To  iIk*  abim  mcntiotwd  naws,  can  be  a«k)e<i: 

water  entrapment  rewiltini  from  a defective  panel  jv^ilin^  The  presence  of  water  (or  of  any  other  fluid, 
such  as  jet  fuel  for  instance)  in  the  honeycomb  cells  increases  structure  weight.  On  the  other  hand,  in  some 
moving  ctrmponents  sttch  as  helicopter  blades,  water  entrapment  may  cause  important  blade  unbalance. 

corrosion  that  can  take  place  in  the  honeycomb  due  to  the  presenc-e  of  water.  As  cell  walls  are  very  thin, 
honeycomb  corrosion  can  result  fairly  «)uickly  in  complete  destruction  of  sandwich  structure  cures  thence 
considerably  decreasing  structure  strength. 

defects  resulting  from  impacts  or  blows  -i.stained  by  the  panel  entailing  both  skin  distortion  tor  even  a tear 
in  the  panel)  and  core  damage.  Non-destructive  inspection  earned  out  at  this  stage  helps  in  as.sessing  the 
extent  of  the  existing  (law  and  defining  possible  repair  action. 

Finally  it  could  bi'  nece.csary  to  inspect  a repaired  area  to  make  sure  the  repair  work  has  been  pn>perly 
incorporated  or  that  the  flaws  have  not  further  developed. 


4.3.4  INSPECTION  PROCESS  DURING  PRODUCT  MANUFACTURE 
4.3.4. 1 General 

Although  the  non-destnictive  techniques  applicable  to  completed  sandwich  structures  constantly  improve,  they 
do  not  replace  in  any  way  inspection  processes  during  manufacture  which  arc-  the  only  way  to  check  |>arameters 
impisssible  to  evaluate  on  a finisired  product.  They  mainly  apply  to  the  evaluation  of: 

technoUsgical  value  of  adhesives, 
inter-operation  inspection, 
quality  control  test  pieces. 

4.3.4. 3 Bonding  Adhesive  Technological  Value  Evaluation 

Obviously  the  inspection  must  make  sure  at  first  that  the  adhesive  quality  is  satisfactory.  To  do  so,  it  is 
necessary  to  test  the  adhesive  prv>perties  by  means  of  an  appropriate  specific  test.  On  the  other  hand,  before  the 
adhesive  is  applied  it  is  recommended  to  make  sure  that  the  storage  requirements  were  satisfactorily  met  and  that 
the  limit  date  is  not  over. 

These  tests  can  be  performed  with  sheai  metal-to-mctal  test  pieces  or  honeycomb  to  metal  peel  test  pieces. 

4.3.4.3  In-Procvs  Inspection 

This  type  of  inspection  is  es.sentially  preventive  and  is  performed  at  al'  manufacturing  process  stages.  Amorrg 
the  numerous  evaluation  operations  it  implies,  let  us  mention  the  followiitg  they  atTect: 

dimensional  inspections  and  aspect  of  <he  constituants. 
surface  preparation  inspection, 
bonding  inspeetkm. 

lay-up  (the  inspectors  making  sure  that  the  protective  tapes  are  removed  from  the  adhesive  films;  they 
likewise  chc-ck  the  aujustments  and  pinning), 
bonding  tool  inspection. 

curing  process.  This  evaluation  is  mostly  perfomred  by  rc'cording  the  various  parameters  (temperature, 
vacuum,  pressure), 
st'aling  inspection 


4.3.4.4  Quality  Control  Test  Pieces 

The  test  pic'ces  which  are  usually  usc'd  are; 

shear  metal-to-metal  test  pieces, 
tensile  metal-to-honeycomh  test  pieex's. 
peel  metal-to-honeycomh  test  pieces, 
peel  metal-to-metal  test  pieces 


4.3.S  INSPECTION  METHODS 
4.3.5. 1 Sonic  Inspection  Technique 

The  oldest  and  proltably  the  simplest  inspection  method  to  detext  whether  or  not  a bonding  defex  t exists 
between  the  honeycomb  and  facing  is  by  tapping  the  part  with  a coin  or  a small  mallei. 
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TIh'  difTcKnco  in  sOii  .«t  (tone  i>r  frvH)uoncy ) between  an  unbonded  area  and  a boiuK'd  arv'a  eati  eaxily  be  heard 

Initially.  in?^>eetOM  used  a coin  but  nowadays  they  Kenerally  prefer  a nylon  stick.  oih>  end  of  which  has  been 
nninded  off  in  order  to  avoid  any  detrimental  indentations  in  the  structure 

TV  thinner  the  facinn  |tau|^^  the  lighter  the  tap. 

With  such  techniques,  unbonded  areas  are  dirv'ctly  detected,  provided  the  testi-d  lacinjt  is  thin  enoufth 

This  rudimentary  but  practical  method  hows'Ver  requires  skilled  personnel.  This  is  )^<nelallv  used  as  an  alterna- 
tive process  when  an  appropriate  and  sophisticated  cH)uipmenl 's  not  available. 

4..TS.2  Vacuum  Cup  Inspection’ 

A vacuum  cvip  fitted  with  dial  indicator,  the  probe-  of  which  is  applied  to  the  centre  of  the  arv-a  under  test,  is 
used  in  this  technique. 

While  the  vacuum  is  created  tup  to  KOO  g/cm^i  the  dial  indicator  pointer  deviates  over  some  I 100  mm  Hut 
ever  an  unKmded  area  the  deviation  is  much  more  important. 

Tb's  time  consuming  and  nowadays  seldom  usc-d  technique,  only  applies  to  thin  gauge  facings  tiess  than  0 .H  inmi 
and  requires  a certain  glue  line  width, 

4 V5.3  Uitnnonin 

Ultrasemic  techniques  are  largc'ly  used  for,the  evaluation  of  adhesive  hcuided  honeycomh  sandwich  structures 
tFig.20>.  Several  methods  can  be  retained  among  which  the  most  generally  used  arc-  the  pulse-  echo  technique  la 
transducer  acting  as  transmitter-receiver  receives  the  echo  signals  reflected  by  the  bonded  interface > and  the  through 
transmission  process  (the  transmitter  and  receiver  transducers  are  sc'ivirated  and  located  on  either  side  of  the  stnicturel. 

We  shall  descriK-  in  the  presc-nt  text  the  idtrascmic  pulse  echo  ringing  process  lor  sc-veral  rc-asons. 

(a)  Tltis  process  is  widely  used  because-  of  its  simplicity  and  flexibility  of  use-.  It  eK'e-s  not  require  any  advanced 
e-i)uipment  and  can  be  dirv-ctly  evperated  without  any  problems  on-bexird  the  aircraft. 

(b)  The  phenomena  under  inve-stigation  are  typical  of  bemded  structuix-s,  while  other  processes  with  focused 
transducers  are-  much  elose-r  to  couvenlional  ultrasonic  inspection  techniques. 


Fig  20  Ultrasonic  inspection 
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.f  / htise  Ft'hit  HfngtHg  f’hnrxs 
4 A f .11  I Mimi'  i*rtHvti}h' 

Thh  proccvi  civnparvs  the  echo  siiinul  vnvek>|K'N  disptuyed  on  it  screen  with  calibration  standards  traces  repre- 
sentative of  the  stOK'tures  to  he  inspected. 

4 .f  .y  -f  / J ,tfi’f*i/-r*»-mer»i/  tutmi* ' 

Two  cases  may  arise  as  follows: 

When  the  sheet  facing  thickness  is  important  enout^  with  respect  to  poise  amplitude,  it  is  then  possible  to 
discern  the  signals  reflected  by  each  interface  (si-e  FiguK'  21)  The  parameters  to  take  into  account  are 
the  echo  amplitudes  fiom  the  metal-to-adhesive  interface  and  in  particular  from  the  lower  facings  When 
no  lower  facing  signals  are  received  this  almost  certainly  implies  an  unbonded  area.  It  is  possible  to  use, 
in  order  to  obtain  short  pulses,  transducers  of  10  MHz  frequency 

If  the  facing  sheets  are  thin,  which  generally  is  the  case,  the  echo  signal  cannot  be  separated  any  more  on 
the  screen.  Signal  reflection  in  the  sheet  only  Is  obtained.  The  impedance  variation  at  each  inteiface 
determines  the  quantitv  'f  energy  reflected  and  the  cured  bond  cohesive  properties  can  bi'  deduced  from 
the  study  of  the  oscillogram  so  obtained.  The  nrflected  signals  will  be  the  more  weak  and  scarce  the 
higher  the  bond  quality  . Figure  22  sitows  typical  oscillograms  relative  to  an  unprotected  metal  .sheet,  a 
metal  sheet  with  adhesivv  tllm  and  a perfectly  bonded  metal-metal  as.sembly. 

•I.T  /..f  MvtktHls  for  initiHTting  itilheshv  homh'ii  howecr'omh  xtnn  titn's 

4 .1  .y  1 1 ,f  I Rjsu  itrincifih  *" 

In  the  case  of  adhesive  bonded  honeycomb  structures,  the  phenomena  under  test  are  much  more  complex  than 
for  metal-to-metal  bonds,  because  of  the  as,sembly  gc'ometry;  nut  in  practice  the  msults  can  be  easily  proce.ssed  and 
even  gcmerally  more  meaningful  than  in  metal-to-metal  Ksnded  assemblies. 

Figures  2,).  24  and  2,^  show  oscillograms  of  an  adhesive  bonded  honeycomb  structure  2,^  mm  thick  and 
incort>orating  three  typical  cases, 

correct  bond, 
facing-to-adhesive  unbond, 
honeycomb-to-adhesive  unbond 

The  following  comnrents  apply  to  these  oscillograms: 

(a)  Figtire  23(a)  oscillogram  results  from  a lack  of  adhesion  bv'tween  the  facing  sheet  and  the  adhesive  rdm. 
This  phenomenon  can  be  easily  explained  by  the  fact  that  the  present  case  is  similar  to  the  case  of  an 
unprotected  metal  sheet  having  a high  reflective  surface  capability  (high  acoustical  impedance  variation  at 
the  metal-air  interface),  t ausing  the  emitted  pulse  signal  to  reverK'rate  in  the  sheet  during  a relatively  long 
IHTivHl  of  lime.  Figure  23(;>)  sliows  the  enlarged  display  of  the  first  third  part  of  Figure  23(a)  o.scillogram 
traces. 

(b)  Figure  24(a)  oscillogram  results  from  a lack  of  adhesion  between  the  adhesive  film  and  the  honeycomb. 

The  presence  of  an  adhesive  film  has  eliminated  the  metal-to-air  interface,  it  being  replaced  by  a somewhat 
weaker  acoustical  impedance  variation.  ,-\  great  part  v»f  the  puisc'  signal  energy  is,  ihen,  tran.smitted  to  the 
adhesive  where  it  vanishes,  The  pulse  signal  energy  then  decreases  rapidly  with  each  subsequent  reflection 
out  of  which  only  a small  number  are  displayed  on  the  s>.Teen. 

Figure  24(b)  provides  an  enlarged  display  of  the  first  third  part  of  Figure  24(a)  oscillogram. 

(c)  Figure  25(a)  oscillogram  results  from  a gvHul  adhesion  of  the  facing  sheet  to  the  honeycomb  core.  Again 
the  adhesive  film  damping  effev:  is  apparent  but  additional  echo  signals  appear  on  the  os,  illogram  caused 
by  the  energy  transmitted  in  the  honeyeomb  cell  walls  and  which  is  later  reflected  back  to  the  probe. 

Figure  2Ma)  oscillogram  is  similar  t^'  F gure  25  but  the  delay  displayed  results  from  a time  scale  displace- 
ment. This  causes  the  traces  to  N-  displaced  on  the  left  Such  displacement  has  been  so  adjusted  to 
eliminate  on  the  screen  multiple  signals  resulting  from  iiiultiple  reflections  in  the  lacing  sheet  and  to  retain 
only  the  signals  generated  by  the  honeycomb  structure  Figure  2b(b)  and  2h(c)  oscillograms  result  from 
transduced  tested  areas  where  again  there  is  a lack  of  adhesion  between  the  adhesive  film  and  the  honey- 
comb and  between  the  facing  sheets  and  the  adhesive. 
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To  sum  up  the  situation,  the  three  following  eases  are  liable  to  be  found: 


Conditions 

Good  adhesion  of  honeycomb  to 
facing. 

Lack  of  adhesion  of  the  adhesive 
to  the  honeycomb. 

Lack  of  adhesion  of  the  facing 
to  the  adhesive. 


Oscillogram 

Signals  covering  appro.ximately  huli  of 
the  screen. 

Unifonn  ba.sic  line,  important  damping. 

Complete  facing  sheet  signal  .saturation. 
No  basic  line. 


The  oscillograms  recorded  may  vary  from  one  structure  to  another.  The  instrument  is  adjusted  with  the  help 
of  reference  test  pieces  representative  of  the  structure  to  be  inspected  and  incorporating  typical  defects  to  be  found. 
Such  adjustments  should  generate  on  the  screen  the  previously  described  oscillograms. 


The  exact  explanation  of  the  recorded  phenomena  proves  to  be  quite  complex.  Nevertheless  the  general  trend 
seems  to  be  as  follows. 

• part  of  the  longitudinal  wave  transmitted  to  the  structure  is  rellected  by  the  facing  sheet  generating  multiple 
signals. 

• part  of  the  longitudinal  wave  is  transmitted  to  honeycomb  and  is  propagated  in  the  cell  walls  and  when 
reaching  the  cell  bottom  is  sent  back  to  the  probe.  This  wave  propagation  though  the  honeycomb  is 
accompanied  by  wave  transformations  and  it  seems  that  it  simultaneously  develops  into  several  different 
wave  types.  The  propagation  velocities  of  these  waves  may  vary  from  the  original  longitudinal  wave 
velocity  to  about  15'iJ  of  the  latter,  according  to  the  working  frequency  and  the  strueturc  geometry. 

4.3.5.3.I.3.2  Effect  of  honeycomb  structure  thickness 

We  previously  noted  that  the  received  signals  are.  on  the  one  hand,  generated  by  multiple  retlections  from  the 
facing  sheet  and  on  the  other  hand  by  signals  which  have  traversed  the  honeycomb  structure.  Now.  when  the  honey- 
comb panel  is  thin,  these  two  types  of  signal  cannot  be  associated.  For  instance  if  the  inspector  wants  to  evaluate  a 
honeycomb  sandwich  20  mm  thick,  incorimrating  a facing  sheet  1 mm  thick,  it  proves  impossible  at  a frequency  of 
2 MHz.  On  the  contrary,  with  the  same  structure,  at  a lower  working  frequenev  (0..5  MHz)  the  inspection  process 
is  then  possible  not  only  because  many  successive  cell  bottom  signals  can  be  received  but  also  because  the  waves 
which  are  propagated  in  the  honeycomb  have  lower  velocities  then  at  2 MHz.  In  effect  one  can  note  that  at  0.5  MHz 
the  waves  are  propagated  at  velocities  which  might  be  12  to  15'.!?  of  the  original  longitudinal  wave  velocity  and  which 
probably  are  Lamb’s  waves. 


As  a rule,  for  panels  incorporating  facing  from  0.5  to  3 mm  thick,  the  working  frequency  is  2 or  3 MHz  for 
honey;.i)mb  core  thicknesses  higher  than  25  nun.  For  panels  from  10  to  15  mm  thick,  it  is  often  nece,s,sary  to  select 
a 0.5  MHz  frequency,  the  selection  being  always  made  as  shown  further  on.  in  line  with  the  results  obtained  on 
reference  test  pieces. 


The  selection  of  0.5  MHz  frequency  may  entail  sometimes  with  certain  panel  configurations,  difficulties  in  the 
interjiretation  of  signals.  In  effect  at  such  a low  frequency,  the  discrimination  of  the  saturation  case  resulting  Irom 
a defective  b ..nd  between  the  faeing  sheet  and  the  adhesive  becomes  le.ss  easy.  Under  such  circumstances,  the 
evaluation  may  be  conducted  in  two  steps.  A first  action  at  0.5  MHz  reveals  adhesive  to  honeycomb  unbonds.  A 
second  action  carried  out  at  2 MHz  reveals  faeing  sheet  to  adhesive  unbonds. 

4 3.3.3. 1 .3.3  Effect  of  facing  .sheet  thickness 

We  demonstrated  previously  that  correct  bonding  evaluation  at  2 MHz  with  the  honeycomb  cell  bottom  signals 
depended  upon  the  presence  of  the  adhesive  film  which  limits  the  number  of  mu'tiple  reflections  in  the  facing  sheet, 
to  the  part  located  on  the  screen  in  front  of  the  traces  of  the  first  cell  bottom  signal.  As  in  the  case  of  honeycomb 
panel  thickness  decrease,  such  difficulty  can  be  --oped  with,  by  selecting  a lower  frequency  (0.5  MHz  for  instance). 

On  very  thin  facings  (lower  than  0.6  mm)  a lower  frequency  to  the  order  of  0.5  MHz  could  be  likewi.se  interes- 
tingly valuable  to  frequency  .selection. 

But  the  tests  conducted  on  a reference  test  piece  are  the  final  factor  enabling  the  inspector  to  select  the 
appropriate  frequency. 

4 3 3.3. 1.3  4 Effect  of  facings  incor/iorating  several  bonded  sheets 

The  difficulties  encountered  when  evaluati.ig  .ire;i'.  made  up  of  sevcr.il  lv)tided  sheet  facings  are  due  to  a combi- 
nation of  two  factors:  a global  faeine  thickness  in.  r.-is.-  -...a  - • • • 
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The  global  facing  thickness  increase  is  comparable  to  a single  sheet  facing  thickness  increare. 

The  presence  of  bonds  in  facings  greatly  attenuates  the  transmission  of  ultrasonic  energy  to  honeycomb.  In 
fact,  if  we  compare  the  results  obtained  with  a 3 bonded  sheet  lay-up  and  with  a single  sheet  whose  thickness  is 
identical,  we  realize  that  with  the  same  setting,  both  the  amplitude  and  the  number  of  multiple  reilections  are  much 
lower  in  the  presence  of  bonded  joints. 

However,  in  spite  of  the  problems  met,  the  pulse  echo  technique  is  perfectly  valid  for  an  evaluation  of  areas 
incorporating  several  bonded  sheets.  It  is,  of  course,  not  so  easy  as  in  the  case  of  single  sheet  facings  and  it  is 
necessary  then  to  adapt  the  inspection  technique  to  each  particular  case. 

4.  S.5.3.I.4  Operational  mode 

As  previously  stated,  the  pulse  echo  technique  selected  for  the  evaluation  of  bonded  structures  is  essentially 
based  on  comparative  data.  Result  interpretation  is  in  fact  a comparison  with  the  oscillogram  truces  displayed  on  the 
instrument,  once  the  latter  has  been  properly  calibrated. 

Calibration  is  made  with  calibration  standards  representative  of  the  structure  to  be  inspected  and  including  the 
different  defect  types  liable  to  be  found  which  are  as  follows; 

unbond  on  facing  upper  side, 
unbond  on  facing  opposite  side, 
collapsed  honeycomb,  etc. 

To  find  defects  existing  in  the  facing  sheet  side  tested,  the  transducer  is  applied  on  a correctly  bonded  area  and 
the  “distance”  setting  knob  is  adjusted  in  older  to  obtain  traces  corresponding  roughly  to  Figure  25(a)  oscillogram. 
The  transducer  is  then  positioned  over  the  reference  test  piece  areas  incorporating  both  honeycomb  to-adhesive  and 
facing  sheet-to-adhesive  unbonds.  It  is,  then,  necessary  to  make  sure  that  the  traces  so  obtained  correspond  respec- 
tively to  Figure  23(a)  and  Figure  24(a)  oscillograms. 

By  expanding  the  “distance”  scale  and  delaying  the  time  scale,  we  are  back  to  Figure  26  traces.  The  traces 
corresponding  to  the  different  areas  of  the  reference  standard  are  then  chee'  ed  for  conformity  with  the  3 typical 
traces  of  Figure  26.  It  is  sometimes  necessary  to  reset  the  other  setting  ii  :der  to  obtain  very  different  traces 
according  to  these  three  typical  cases. 

Frequency  selection  is  made  in  conformity  with  calibration  standards  in  order  to  obtain  the  best  possible  results. 
It  is  difficult  to  assess  values  as  a great  number  of  parameters  affect  frequency  selection.  However,  as  a rule,  a 
frequency  to  the  order  of  2 or  3 MHz  is  retained  for  panels  more  than  25  mm  thick  and  sheet  facings  more  than 
0.5  mm  thick.  For  thinner  facings  as  well  as  for  honeycomb  panels  ranging  from  10  to  15  min.  it  is  necessary  to 
adopt  as  a rule  a lower  frequency  value  (of  the  order  of  0.5  MHz). 

To  evaluate  defects  existing  in  the  facing  opposite  the  lacing  on  which  the  transducer  is  applied,  as  well  as  in 
collapsed  honeycomb,  a simitar  process  is  followed  but  the  transducer  is  positioned  on  defective  areas  corresponding 
to  the  reference  standard. 

There  is  no  general  rule  for  calibrating  the  units.  In  any  case  it  is  advisable  to  refer  to  calibration  standards 
representative  of  the  structure  to  be  inspected  and  incor|>orating  typical  defective  areas.  Both  frequency  selection 
and  unit  settings  are  made  so  as  to  obtain  the  most  contrasted  traces  possible  corresponding  to  the  sound  areas  of 
the  component  under  test  and  to  the  defective  areas  of  the  reference  standard. 

It  must  be  noted  that  the  unit  frequency  setting  may  not  be  the  same  as  the  transducer  frequency.  Results 
prove  to  be  sometimes  much  more  satisfactory  at  5 MHz  for  a transducer  frequency  of  3 or  2 MHz  or  vice  versa. 

4. 3. 5. 3.1.5  Corrosion  detection 

In  sandwich  structure,  corrosion  affecting  all  walls  can  also  be  detected. g/ith  the  pulse  echo  technique.  The 
traces  displayed  on  a cathode  ray  tube  screen  are  very  similar  to  the  traces  generated  by  a honeycomh  to  adhesive 
film  unbond. 

Calibration  is  achieved  with  the  help  of  calibration  standard  representative  of  the  component  to  be  inspected  and 
incorporating  corroded  areas.  When  calibrating,  the  maximum  contrast  between  traces  corresponding  to  sound  areas 
and  defective  areas  are  sought. 

Such  process  generally  proves  satisfactory  with  honeycomb  structures  incoqiorating  a single  sheet  facing.  But 
with  multiple  sheet  facings,  the  result  interpretation  is  much  more  critical. 

On  the  other  hand,  a certain  numbei  of  parameters  may  alter  the  technique  efficiency.  One  such  case.  f,ir 
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It  is  then  necessary  to  be  very  careful  in  the  interpretation  of  results  and  to  always  refer  to  a .efereiK'  standard 
perfectly  representati.e  of  the  component  to  be  evaluated. 

4 J 5 . 1 16  Dvhrtutn  of  wairr  cntmpnicni  in  tntndvd  hotwycomh  sinictureii 

The  presence  of  water  within  a honeycomb  structure  with  single  sheet  facing  is  easily  detected  with  the  ultra- 
sonic technique  provided  that  the  entrapped  fluid  is  in  direct  contact  with  the  facing  on  which  the  inspection  is 
made. 

It  is  then  necessary,  whenever  possible,  to  place  the  component  under  evaluation  in  the  most  favourable  position. 
Water  entrapment  in  wing  upper  panels  is  impossible  to  detect  with  ultrasonics  as  water  collects  near  the  facing 
opposite  to  the  surface  on  which  the  transducer  is  applied. 

Water  entrapment  is  then  detected  with  the  cathode  ray  tube  technique  by  an  important  amplification  of  echo 
signals. 

Confirmation  of  the  presence  of  water  is  made  by  the  X-ray  technique.  For  structures  with  multiple  sheet 
facings  the  pulse  echo  technique  does  not  appear  to  be  able  to  detect  water. 

4.  f.  5.  S.  1.7  Method  limitations 

The  pulse  echo  technique  can  be  used  to  confinn  the  existence  of  an  acoustic  coupling  over  the  bonded 
structure  facing  surface. 

It  can  ihus  be  used  to  detect  metal-to-metal  unbonds  and  honeycomb  sandwich  structure  unbonds  (lack  of 
adhesion  of  facing  to  honeycomb).  It  can  be  admitted  that  the  unbonded  area  extent  is  more  or  less  equal  to  the 
probe  diameter. 

For  corrosion  in  honeycomb  cell  walls,  the  defect  si/e  is  roughly  similar. 

This  technique  proves  to  be  specially  valid  for  light  alloy  structure  evaluation. 

For  certain  types  of  structures,  as  for  example  when  the  facing  sheet  is  thin,  the  flaws  located  near  this  facing 
are  the  only  ones  which  can  be  detected.  But  on  the  contrary  in  a great  number  of  cases  (thicker  sheets)  flaw 
detection  can  be  ensured  in  the  bulk  of  the  honeycomb  panel. 

4.3.5.J.2  Ultrasonics  Techniques 

4. 3. 5. 3. 2.1  Signal  damping  by  finger  contact 

This  technique  is  a variant  of  the  previous  one  (sec  Figure  27).  Kcho  signal  damping  by  finger  contact  on  the 
lower  facing  is  studied  on  the  cathode  ray  tube  screen.  When  the  bond  is  satisfactory  finger  contact  with  a liquid 
couplant.  substaiuially  damps  the  echo  traces  on  the  screen.  If  on  the  contrary  the  bond  is  defective,  the  ultrasonic 
signal  reaches  with  difficulty  the  bonded  lower  surface  and  finger  contact  would  result  in  a very  minor  decrease. 

4.3.5  3.2.2  Ultrasonic  C-SCAN  techniques  (see  Chapter  3.6) 

4. 3. 5. 3. 2. 2. 1 Basic  principles 

The  purpose  of  these  techniques  is  to  develop  an  increased  sensitivity  and  improved  resolution.  Either  the  pulse 
echo  or  the  through  transmission  techniques  can  be  used.  In  either  technique,  focused  transducers  are  used.  Compo- 
nent inspection  can  be  carried  out  by  immersion,  but  it  is  very  difficult  to  do  this  with  honeycomb  panels;  this  is 
why  the  semi-immersion  technique  is  retained. 

4 3. 5. 3. 2. 2. 2 Pul.se  echo  technique  (see  Figure  28) 

In  this  technique,  the  transducer  is  so  positioned  as  to  be  focused  in  the  bond  to  be  evaluated. 

Each  time  the  ultrasonic  beam  meets  a cell  wall,  the  transmitted  signal  is  slightly  damped  An  electronic  device 
judiciously  positioned  allows  the  signal  to  be  used  for  recording. 

4.3.5  3 2 2 3 Through  transmis.sion  technique  (see  Figure  29) 

This  through-transmission  technique  requires  a transducer  support  system  allowing  the  transducers  to  be  ItKated 
on  either  side  of  the  structure  to  be  inspected 

When  the  bonds  are  satisfactory,  the  transducer  receives  a signal 


555 


On  the  contrary  when  there  is  a lack  of  adhesion  in  one  bond,  no  signal  (or  rather  a very  weak  one)  is  Received 
by  the  transducer. 

The  advantaites  of  the  technique  are  as  follows: 

(a)  its  capability  to  detect  unbonds  at  both  interfaces  and  in  the  honeycomb  cure. 

(b)  its  high  sensitivity  not  requiring  too  high  a frequency. 


4.3. 5.4  Sonic  Resonance 

4.134.1  General 

A large  number  of  instruments  op>.*rate  on  the  sonic  resonance  principle,  the  best  known  being  the  following: 
Coindascope.  Stub-Meter.  Fokker  Bond  Tester.  North  American  Rockwell,  Sonic  Resonator,  Sondicator  and  Arvin 
Acoustic  Impact  Test. 

A transducer  is  used  to  induce  vibrations  in  the  components  under  test,  the  local  resonance  variations  being 
compared  to  reference  standards  to  evaluate  the  different  flaws.  Sound  waves  are  of  great  interest  as  they  are  largely 
influenced  by  the  structure  of  the  composite  stnicture  without  creating,  however,  any  excessive  attenuation. 

All  the  above  instruments  allow  to  a certain  extent  the  determination  of  the  bund  quality.  By  these  means  joint 
cohesion  may  b«^  controlled,  but  not  adhesion. 

To  obtain  suitable  accuracy  and  good  reproducibility,  it  is  essential  to  correctly  set  the  instruments  by  means  of 
test-pieces  representing  the  structures  to  be  inspected  and  having  typical  known  flaws. 

Disbonded  areas  an;  readily  detected  both  in  metal-to-metal  joints  and  in  honeycomb,  which  means  that  any 
damage  appearing  in  service  will  always  be  detected. 

4.J.5  4 2 fokker  Bond  Te.tler  (Fig. 30 
4 3 34  2 ! Pnndple 

fhe  description  and  operation  of  the  Fokker  Bond  Fesier  has  been  widely  described  in  the  current  literature 
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A vibrating  tranMliicer  placed  on  the  structure,  transmits  to  the  latt  .-r  a vibration  g^meri  ily  in  the  ultrasonic 
frequency  range.  The  principle  of  the  Fokker  Bond  Teste;  is  totally  different  from  that  of  conventional  ultrasonic- 
inspection  instruments,  such  as  the  pulse  echo  system.  The  only  point  where  the  Fokker  F md  Tester  can  he  com 
pared  to  the  latter  instruments,  is  in  the  use  of  a high  vibratior,  reqtiency,  hut  this  has  lU/ihing  to  do  with  the  basic 
principle. 

The  vibrating  transducer  is  Fitted  to  the  probe-  so  as  to  avoid  being  alTected  by  any  external  intluence  other  than 
variations  in  the  bonded  joint. 

Frequency  of  the  transducer  excitation  current  is  scanned  in  a narrow  adjustable  range  in  the  frequency  band 
frequency  scan  being  synchronir.ed  with  'he  C.R.T  display  trace. 

Vertical  deviation  on  the  tube  is  a function  of  voltage  at  the  crystal  terminals,  thus  the  impedance. 

Fur  a crystal  having  a frequency  spectrum  identical  to  that  shown  on  Figure  3Hu).  the  pass  band  chosen  and 
the  centre  frequency  may  be  adjusted  on  the  Bond  Tester  in  such  a manner  that  each  portion  of  the  spectrum  and 
.onsequently  each  resonance,  can  be  displayed  on  the  screen  as  shown  on  Figure  31(h) 

Following  analysis  of  the  signals  received  from  the  transducer,  the  instrument  gives  the  results  on  two  scales 
(A  and  B). 

Scale  A comprises  a C.R.T.  on  which  appears  a peak,  corresponding  to  the  resonance  frequency.  The  vertical 
graduations  enable  this  resonance  frequency  shift  (see  Figure  32)  to  be  measured 

Scale  B indication  comprises  a micro-ammeter  for  measuring  the  signal  amplitude  shown  on  scale  A. 

The  quality  of  (he  glue  line  can  be  determined  from  the  readings  provided  by  the  two  scales.  However,  in 
practice,  the  readings  a^'  generally  limited  to  scale  A for  metaFto-metal  joints  and  scale  R for  honcyeoml 

Metal-to-metal  bonded  assemblies  are  generally  subjected  to  shear  loads.  A vibrating  transducer  is  used  in  the 
case  in  a hori/ontal  plane 

Sandwich  structures  are  usually  compression  loaded.  In  this  case  longitudinal  vibrating  probi-s  are  used  Thus 
the  joints  are  subjected  to  vibrations  cKcurring  in  the  same  direction  as  the  loads  to  which  they  would  be  submitted 
in  the  aircraft. 

4.J  5.4  .2.2  O/Hratini!  (iroccilurv 

For  mctal-to-metal  joints,  the  probe  is  placed  on  a shoot  whose  thickness  is  equal  to  the  thickness  of  the  upper 
sheet  of  the  bonded  assembly.  The  oscillator  centre  frequency  is  adjusted  - • that  the  lowest  point  on  the  impedance 
curve  lies  in  the  centre  of  scale  A,  At  the  same  time,  scale  B is  set  to  100.  S^ale  A freqne;'cy  is  then  calibrated 
With  older  models  (model  ('1  and  earlier)  this  w;is  made  by  means  of  a calibration  signal  giving  a series  of  vertical 
peaks  on  scale  A at  a 10  KM/  spacing,  scale  A ca.i  then  be  calibrated  by  adjusting  the  scan  length  (see  Figure  32). 

If.  for  example,  two  peaks  are  separated  by  two  divisions  on  the  scale,  one  division  corresponds  to  a frequency  shift  of 
5 KH/.  On  the  Model  70  Fokker  Bond  Tester,  calibration  of  scale  A is  fur  simpler  and  can  be  made  by  using  the 
calibration  selector  comprising  pre-set  frequency  shift  values  for  each  division  on  the  scale. 

4.  J. 5. 4. 2. 3 Result  in  ' rpretatUm 

The  Fokker  Bond  Tester  is  sensitive  to  adhesive  cohesion,  that  is.  essentially  to  the  porosity  or  the  thickness 
of  the  adhesive.  On  the  other  liaiul,  it  does  not  allow  the  detection  of  adhesion  Haws  due  essentially  to  poor  surface 
preparation. 

If  the  inspected  structure  only  shows  cohesion  flaws  and  that  perfect  adhesion  exists  between  the  glue  line 
and  the  sheet,  it  is  then  possible  to  truce  a quality  diagram  giving  the  strength  value  of  the  glue  line 

Tracing  a quality  diagram,  for  a given  adhesive,  implies  the  use  of  a large  luimbier  of  test  pieces  of  *he  same 
metal  and  type  of  adhesive  and  for  different  U!  ratios. 

where  t = thickness  of  skin, 

/ = width  of  glue  line. 

Quality  diagrams  for  metal-tvi-metal  joints  and  for  honeycomb  sandwich  are  shown  differently 


4.3  5 4 2.4  Metal-to-metal  joints 


(a)  CALIBR'  ON 


CAUBRATON  SIGNAL  ON. 

DISTANCE  bETWEEN  PEAKS  : 10  QUALITY  UNITS 
SWEEP  ADJUSTED  SO  THAT  PEAK  SPACING 
EQUALS  2 SCALE  UNITS. 

HENCE.  EACH  SCALE  UNIT  < 5 QUALITY  UNITS 


1 

(b)  VOID  PANEL  I 

CALIBRATION  SIGNAL  OF-^ 

PROBE  ON  SINGLE  SHEET  j 

PEAK  IS  CENTRED  USING  FREQUENCY  = 

SHIFT  CONTROL 


1 


(C)  BONDED  PANEL  j 

PROBE  ON  BONDED  PANEL  j 

PEAK  SHIFT  IS  5ECALE  UNITS  TO  | 

THE  RIGHT  - ?5  quality  UNITS  ' 

FOR  SETTINGS  OT  4o  | 

-j 

i 


Fig. 32  Typical  A-scale  indications  for  Fokker  Bond  Tester 
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If  » quality  lovol  is  set.  tho  diaiiram  allows  the  dermiliuii  of  the  areas  on  seale  A,  answering  these  criteria, 
d.t  ty  ' 5 xundwick 

The  quality  diagram  defK'nds  es|H‘cially  on  the  density  of  the  honeycoinh  core  and  to  a lesser  e.Ment  on  the 
thickness  of  the  facings.  This  ty|»e  of  diagram  (see  Figure  34t  shows  the  horizontal  |>ortion  of  the  curve  representing 
a break  in  the  honeycomb  before  failure  eif  the  joint.  The  quality  diagrams  only  relate  to  the  cohesive  t'orc'c  of  the 
glue  line. 


The  Fokker  Bond  Tester  is.  in  fact,  insensitive  to  adhesion  flaws  betwevn  the  adhesive  and  the  metal,  evcept 
when  it  concents  voids  of  sulTicient  size.  Flaws  due  to  insufl'icient  surface  adhesion  due  to  contamination  or  to 
incorrect  curing  aiv;  undetected  by  the  instrument.  The  quality  diagrams  thus  raKly  give  the  results  anticipated 

I'.xperiencc  shows  that  qualitative  detection  of  cohesion  flaws,  as  well  as  voids  and  disNinds.  are  satisfactorily 
carried  out  on  inetal-to-metal  joints  by  the  Fokker  Bond  Fester.  In  honeycomb  s;indwich  structures,  detecting  these 
flaws  becomes  more'  critical. 

The  Fokker  Bond  Tester  K'ing  a comparative  method,  it  calls  for  the  use  of  standards  representative  of  the 
structure  to  be'  ins|H'cted. 

A coupling  liquid  is  required, 

•f . -s'.  ,s  d The  ( 'i  >im/j.vv(  7*c 

From  certain  pe'ints  ot  view,  the  ('oindase'ope  is  similar  to  the  Fokker  Bv'iui  fester.  ,A  barium  titanate  crvstal 
is  energized  by  a constant  aiiqilitudc  sinusoidal  current.  By  instrument  settings  excitation  and  display  of  all  crystal 
resonances  are  ensured  on  the  oscilloscope,  in  a similar  manner  to  scale  "A  " i>n  the  Fokker  Bond  Tester. 

The  main  operating  diffeix'nce  is  that  the  (.'oindascope  uses  a wave  form  as  identification  means  rather  than  a 
measure  >'f  frequency  shift,  and  is  basi'd  on  changes  in  amplitude  for  identical  wave  forms, 

d .T.5  d d 77ie  Siuh-Meicr'' 

The  Stub-meter  was  developc'd  by  the  Stanford  Research  Institute,  its  aim  being  to  make  tx'adings  as  easy  as 
(wmible  (a  simple  measuring  instrumenti  by  showing  the  adhesive  bond  quality 

While  the  basic  principle  is  very  similar  to  that  of  the  Fokker  Bond  Tester,  i.e.  one  studies  the  effect  of  adhesive 
quality  variation  on  tho  frequency  and  amplitude  of  a given  resonance,  its  operation  is  entimly  differx'nt,  F.arly 
models  used  a frequency  scan  oscillator  in  order  to  display  on  a C '.R.T.  the  relation  between  the  bond  quality  and 
the  transducer  resonance  mode  In  view  of  simplification,  later  models  use'  a simple  frequeii;  y system  by  which  the 
transducer  itself  determines  the  l^'quency  and  the  oscillation  amplitude 

Sonic  Resonator  (North  American  Aviation)* 

4 .i  s 4.  S I Principle 

The  North  American  Sonic  Resonator  makes  use-  of  a vibrating  crystal  to  acoustically  excite  the  structure 
Disbtmds  and  other  flaws  imnlify  the  elastic  propc'rties  of  this  structure  thus  creating  variations  in  the  crystal  load 

Hie  Sonic  Resonator  normally  operates  in  the  nppe  ■ region,  or  nearly,  of  the  audible  range  and  uses  a low 
amplitude  signal  emitted  continuously 

4 i 5.4  .5  J Opcraiin)!  procedure 

Frequency  is  tuned  to  give  stationary  waves  in  the  structure,  the  bridge  is  then  balanced  by  adjustment  of  the 
circuit  resistors  and  capacitors  to  bring  the  needle  to  zero.  Any  flaw  in  the  structure  gives  rise  to  a deviation  of 
the  needle  according  to  the  nature  and  position  of  the  flaw  in  the  strwturc'. 

Choice  of  a transducer  def-ends  on  the  structure  to  be  inspected. 

Adjusting  the  Sonic  Resonator  is  fairly  ritical  when  one  inspects  a new  structure  Fm  a given  structure,  adjust- 
ment is  made  easier  by  knowing  in  advance  the  parameters  required 

4 .i  s. 4 S..i  f\‘r)'ormunce  and  liiniiaiions 

Figure  35  shows  that  flaws  having  a diameter  75'V  greater  than  the  diameter  of  the  probe  .an  be  detected 
(i.e  10  mm  for  ordinary  proK-s)  but  this  is  an  appro\imati>  n.  and  alsti  the  sensitivity  of  the  flaws  underlying  the 
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The  Siink  Rciiunjlur  can  be  used  to  inspect  honeycuinb  structures,  assembled  by  adhesive,  bra/.ing  or  dilTusiun 
weldinit.  laminated  structures  or  metal-to-metal  joints,  etc. 

By  use  of  this  instrum'  iU.  Haws  can  he  detected  throuithuut  the  thicknes.s  fiom  one  sinitic  face.  Maximum  skin 
thickness  being!  about  4 mm  It  is  fairly  si-nsitive  to  tne  s'dgs.'  effect  and  curvature  of  the  part  to  bc‘  inspected. 

\ coupliit):  liquid  is  rcs|uired. 

4 .'  ,5  4 6 Si>ndU\i!t>r  S ' (si'c  I'iimrc  .tpi 

This  very  low  I'rv-spicncy  ultrasonic  instrument  (20  to  40  KH/I  was  more  particularly  designed  for  inspecting 
metaihe  and  non-mctallie  honcvcinub  and  various  bonding  o|H'rations  that  e\.anot  be  inspected  by  conventional  high 
fi\H|ue  icy  (dtr,tsonics.  lns|H'ction  is  made  by  direct  contact  K'tween  the  probe  and  the  mutei.al  to  be  inspected 

I'ltrasv'nic  energy  impidscs  are  transmitted  in  the  material  by  means  o!  a point  ‘ransducer  and  cross  in  a lateral 
direction  the  area  liiulcr  the  proK';  they  are  received  bv  a second  point  tr,msdueer  located  at  about  20  mm  from 
the  transmitter. 

Amplitude  and  the  signal  phase  received  are  displayed  on  the  unit's  measuring  instruments. 

•Any  delamination  under  the  proK-  creates  vibrations  modifying  the  transmitted  signal,  this  is  shown  by  devia- 
tion of  the  neevllcs  on  the  instrument  dials 

The  single  probe  used  with  this  instrument  is  fitted  with  interchangeable  Tetlon  points,  one  being  an  applica- 
tion point. 

The  Sondicator  caters  for  the  detection  of  voiils  or  delaminations  in  metallic  or  non  tnetallic  honeycomb  in 
metal-to-metal  joints  and  in  reinforced  plastics. 

Inspection  does  not  require  the  use  of  anv  coupling  livpud  IVlection  is  limited  to  flaws  located  near  the  surface 
and  whose  minimum  dimensions  are  v'f  the  order  of  12  mm. 

4,3.5. 5 Eddy  Sonic  Methods 
5.  ,5  / (tau  ral 

In  the  prv'ceding  methods  (ultrasonic,  sonic  resonancef  the  requirement  for  using  a coupling  liquid  between  the 
transducer  and  the  stnicture  to  K>  inspected  mvolves  various  disailvantages 

complicated  equipment  (immersion  or  semi-immersion t. 
slower  inspection  time, 
unpleasant  for  the  operator, 

risk  of  structure  contamination  (can  hinder  an  ulterior  boiuiing  or  protection  operation), 
cleaning  required  after  inspection 

In  the  Eddy  Sonic  method  these  disadvantages  do  not  exist  since  the  structure  is  excited  by  means  of  eddy 
vurrents  It  is  not  necessaiy  to  contact  the  surface  with  the  probe'  and  no  cmipling  liquid  is  required. 

11ns  methe'd  applies  to  lumeycomb  and  boiuled  metal-to metal  joints  err  at  least  comprising  a metal  part  allowing 
the  flow  of  eddy  currents  When  the  probe  contacts  the  structure,  eddy  currents  are  induced,  creating  an  alternating 
m.igTK  tK  field  leaeting  with  tile  proK'’s  magnetic  field  to  produce  vibrations  in  the  structure. 

In  .1  lightiv  Nmeled  eomiuetive  structure  or  in  disboneled  areas,  these  vibrations  give  rise  to  an  ultrasonic  noise, 
«ii,,se  I'll, IV  ,iiid  ,minlitude  eharaetcristies  depend  on  the  dimension  and  type  of  flaw  An  ultrasi'usitive  microphone 
.'  III.  I'lotv  detects  (his  response,  which  is  then  displayed  on  a dial 

DiUi.iiltv  III  tr.insmilting  mechanical  vibrations  to  the  structure  is,  for  conventional  acoustic  metluvds,  a major 
di  iwh  i,  f In  the  I jv  of  the  I ddy  Sonic  this  difficulty  is  avoiiled  Coupling  variations  have  here  but  little  influence. 
It'.  i'roh|,!ii  o(  I'ossible  sound  .itteimation  due  to  air  coupling  is  largely  solved  by  th'  low  frei.uency  vibration 
I'.  (li,s  .'I  .ompi'site  slriictures 

< "is,  qii,  ntiv  IreqiK'iicies  .ire  generallv  use  in  the  iip|vr  auilible  range,  or  iust  beiic.i;!'.  as  tin  .itlenuation 
. Ill,  I - I .'I  III  IS  then  sutficientlv  low  to  I'revciit  a te-o  important  influence. 

H.  sid  ' IS,  ,i|  ■I'er.ilion  ,iiid  short  ins|'.',  tion  tunes,  coupling  with  air  l-ri'vides  anottiet  .idv.mt.ige  ,|s  it  .’  , 

,'i  t ,|  ; .11'  I ,.|  Mvl.ir  to  I',  I'l.i,  ed  hetwe.ii  the  protv  .md  the  siirf,i,e  giving  .ill  Ih,-  I'ltonn.ilu'i'.  leg.  e 

....  • i (•-  »..r  l.v  iti.vrv  i.t  vt.lt, >n-'r.  n.irttv  vLrt\  sitiiti.tnv  -t.  iti'l-'vnttv  '‘'.tv 


Furthornum-,  the  follow-up  of  a flaw  durini!  maintenance  can  be  ver>  easily  made  by  locatini:  the  Mylar  sheet 
showing  the  previous  flaw  evaluation  and  by  directly  tracing  the  new-  evaluation. 

F!ddy  Sonic  methods  arc  comparative  methods,  as  one  searches  for  received  signal  variations  fn>m  the  tlaws 
Instniment  calibration  requires  the  use  of  standards  having  sound  and  defective  areas  representative  of  the  structure 
to  be  inspected. 

4 .f  5 ,s  ’ /•.'(/</>'  Sdhw  (North  American  .Aviation)  (Reference  •)) 

The  North  ' oerican  Fddy  Sonic  instrument  was  designed  as  a complement  to  the  Sonic  Resonator  describt'd 
previously  The^.-  two  assemblies,  having  certain  common  parts,  are  designated  "Sonic  Test  System"  (see  l-igure  .^7). 

In  the  F.ddy  Sonic  system,  acoustic  vibrations  induced  in  the  materia!  spn'iui  throughout  the  .tructure  thickness 
and  the  response  is  modified  by  any  Haws  encountered. 

Readings  are  made  on  a dial  graduated  0 to  ,00.  .A  special  piobc  is  available  fitted  with  a smc.’il  dial  thus 
enabling  the  scan  speed  to  be  increased  during  manual  inspection  and  makiitg  the  method  more  efficient.  This  small 
'ial  on  the  probe  gives  simultaneously  the  s;une  reading  as  the  main  dial  located  o:i  the  instrument.  Tfiis  is  an  advan- 
tage for  the  operator  who  needs  only  to  hwk  at  the  probe  without  having  to  constantly  refer  to  the  instrument 
This  system  is  particularly  useful  for  large  si/e  structures. 

The  Fddy  Sonic  can  also  be  used  for  automatic  scanning  with  recording  possibilities. 

Figure  38  shows  a typical  example  of  honeycomb  sandwich  panel.  Flaw  detection  sensitivity  close  to  the  surface 
to  be  inspected  is  greater  than  that  for  flaws  located  on  the  opposite  face  Tile  figure  shows  a constant  section  panel, 
hut  sliglit  thickness  variations  have  little  effect  on  the  readings. 

The  F.ddy  Sonic  caters  for  the  inspection  of  bra/.ed  or  adhesive  bonded  honeycomb  as  well  as  met;:l-to-me!al 
.joints  The  type  of  adhesive  used  has  little  effect  on  the  ••esults. 

Flaws  such  as  disbonds,  voids,  crushed  or  broken  cells,  disbonds  between  cells  can  be  detected  in  a great  number 
of  structure  types.  The  minimum  dimension  of  detectable  flaws  is  generally  between  I 2 and  2.S  mm  accordiii)  to  the 
type  of  structure  ;ind  diameter  of  the  probe  used.  Detection  sensitivity  depends  upon  tl\  type  of  material,  the  type 
of  flaw  and  also  tiie  type  of  probe  used. 

Regarding  honeycomb,  inspection  is  feasible  if  the  skin  thickness  is  approximately  between  0.05  and  4 mm  and 
for  core  thicknesses  ranging  from  3 to  120  mm. 

Electrical  conductivity  and/or  magnetic  permeability  of  the  material  to  be  inspected  have  also  an  appreciable 
influence  on  the  respon.se  of  the  Fddy  Sonic.  The  ideal  material  is  that  whose  conductivitv  is  approximately  above 
12  M S/m  (20%  lACS)  s - *'  as  the  usual  types  of  aluminium  alloys.  It  is  sometimes  possible  to  inspect  low  conduc- 
tive materials  such  as  ditfusion  welded  titanium  honeycomb,  whose  conductivity  is  under  3 MS/m  (5%  lAC'S).  On 
the  other  hand,  inspection  of  low  conductive  austenitic  non-magnctic  stainless  steel  honeycomb  gives  very  poor  res 
High  permeability  magnetic  materials  such  as  fenetic  stainless  steels  give  perfectly  good  results.  Here,  alignment  ol 
the  magnetic  fields  appears  to  be  an  important  mechanism  e>f  the  transducer  in  addition  to  eddy  current  flow.  For 
instance,  inspection  sensitivity  is  very  satisfactory  in  PH15-7Mo  stainless  steel  assemblies. 

It  can  be  noted  that  at  certain  frequencies,  resonant  grida  (vibration  loops)  can  be  produced  on  the  surface  of 
small  dimension  parts  or  near  edge  members.  This  phenomenon  can  lead  to  some  confusion  m signal  interpretation 
particularly  if  it  gives  signal  values  identical  to  ihose  given  by  the  structural  flaws.  Resonant  grids  produced  by 
certain  relatioiis  between  wave  length  and  part  si/e  can  be  detected  bv  choosing  a different  control  fre'.aency 
(usually  higher)  or  a different  magnetic  field  intensity.  Such  resonant  grids  are  not  encountered  on  simple  large  area 
as.semblies. 


4.3. 5. 3. 3 Harmonic  Bond  Tester  (SHURTRONK'S)  (See  Figure  39) 

Different  to  the  North  American  Fddy  Sonic  which  operates  on  a continuous  signal,  the  Hannonic  Bond  Tester 
uses  a pulseu  .signal,  thus  avoiding  the  formation  of  standing  w;  ves  and  thereby  making  the  instrument  less  sensitive 
to  edge  effects. 

Frequency  of  the  excitation  signal  is  approximately  15.000  cycles  per  second,  a frequency  located  at  the  upper 
limit  of  the  audible  range  of  the  human  ear.  Since,  maximum  positive  and  negative  excitation  signals  produce  vibru 
tions  in  the  probe  and  in  the  structure  under  inspect’.on,  the  resulting  mechanical  vibrations  are  around  30.000  cycles 
per  second.  A filter  in  the  instniment  suppresses  all  frequencies  under  25,000  cycles  per  .second,  thus  eliminating 
the  effects  of  signal  excitation  on  the  receiver.  The  maji.rity  of  ambient  noises  are  suppressed  by  this  filter  (see 
Figure  39). 
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Fip.38  Test  response  tor  bra/ed.  stainless  steel  honeycomb  composites 
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In  the  Mark  III  H inodol.  both  the  phase  and  atnplilitde  eharaeteristics  an-  detected  in  the  structure  under 
inspection.  Amplitude  variations  are  |tenerall>  iisc-d  to  inspect  metallic  materials  and  phase  variations  tor  non  nictallics 

The  dial  is  graduated  both  in  phav  and  amplitude  A switch  is  used  to  displac  eith.  ; phase  or  amplitude  values 

Response  receive-l  by  the  iiistnnnent  is  compared  to  an  adjustable  setting.  Any  value  exceeding  Ibis  basic- 
setting  activates  an  audible  warning  or  a small  red  light  located  directly  on  the  proK- 

Setting  the  instrument  is  verx  simp  <-  a rre«|uene\  is  chosen  giving  the  best  sensiiivilv.  the  rrevpieiicv  then  bc-ing 
adjusted  so  that  the  needle  shifts  to  alvvut  the  1 0th  graduation  in  the  ‘‘sound"  area. 

The  Haniionic  Bond  Tester  gives  \er>  good  results  with  all  metallic  materials,  bondv-d  aluininium.  bn.'n/ed  stain- 
less steel  and  Stress  Skin  structures. 

Skin  thickness  has  an  inlluence  vm  the  instnimeni's  sensitivitv ; results  are  valid  up  to  a thickness  ol  } or  4 nun 

The  Harmonic  Bond  Tester  is  capable  of  detecting  10  mm  diameter  disNinds. 

Among  the  advantages  of  the  Harmonic  Bond  Tester,  can  K-  staled 

fast  inspection  due  to  the  fact  that  no  coupler  is  retpiired  and  that  the  probe  slides  easilv , 

clear  readings, 

easilv  put  into  operation. 

The  main  disadvantages  .ire: 

inllueiice  of  high  frequency  anibient  noises. 

influence  v'f  surface  curvature,  inspection  is  impossible  on  concave  surfaces  for  convex  surfaces  the 
curvature  radius  .should  K-  suoicieniK  large  (above  450  mini 


figure 


4.. V5  ^ Huiugraphic  InlerfFnimetry 

Wo  shjil  not  (ii\o  horo  the  op^'ralmg  principle  ot  holoftMphu  mlerle»i)iiieir>  whiili  hav  alre.uh  K'en  ilescnheil  at 
some  length  in  a presioiis  chapter 

Let  us  simply  reeall  that  it  is  an  optical  methiHl  hy  whuh  very  small  surlace  ilisplacements  are  revealed  m the  torm 
oi  interlerence  Itmges  Where  a Haw  in  a bonded  structure  can  lead  to  a slight  surlace  delormation,  this  melluHl  will 
allow  Its  detection 

l okKer  has  carried  aut  very  extensive  tests,  leading  to  the  lidlowing  conclusions 

holographic  interteroinetry  ol  bi--ndeil  structures  offers  interesting  prospect-,  as  a -oiupieiiienl.  to  the  usual 
non-destructive  inspection  methods 

lor  vindwich  structures,  the  thermal  deiormation  teclmuiue  appears  to  be  siirtuiently  eilicient  the  niiniimim 
si/e  ot  ilaws  that  can  be  detected  is  It)  \ 10  mm  lor  skins  under  I ' nun  thick  and  \ 5 mm  lor  skins  under 
0 I'  mm  thick 

tor  metal-tr)-metal  bonded  loints  the  thermal  delormation  meiluHl  i.i<h-s  not  give  valid  results 
the  holographic  inlerterometry  metIuKi  is  increasingly  sensitive  as  the  skin  thickness  decreases 

the  Use  Ot  a closed  L \ circmt  does  no'  seem  to  otter  any  particular  help  in  a holographic  mlerleromeoy 
inspection  production  installation 

4. . ',5  7 Thermal  Methods 

Lhermal  methods  used  lor  the  lion-ilcsiiuciive  inspecii>>n  ol  bonded  sirustures  mainly  .imoimt  tiv 
inlrarod  [.alnunelry 

thernuvlirome  or  thermolunnnesceni  coatings 
Imuivl  crystals. 

I hcse  tcchnu|ues  are  described  m a chapter  dealing  woh  thermal  methods  They  ,irc  esivci.illy  U'  elul  m the  case  ot 
composite  structures  l or  hoiuled  metal  structures,  the  low  thermal  ct'iiducliviiv  ol  the  .uihesive  in  relation  to  the 
metallic  areas  make  the  results  meaningless. 

4.. V5  h Radiography 

Radiivgrapliy  ol  bs'iuled  aluinimuin  alloy  lu'neycomb  is  imne  particularly  used  to  inspect  the  honey  comb  -o'c 
core  ileformatnm,  bn  ken  cells,  eilge  tillings.  splices  m honey  comb  bh>cks,  honeycomb  slippage  or  shnnkago  Radiographic 
inspection  also  allows  to  a cert.m  evtont  the  measurement  ot  adhesive  tilm  regularity  absence  •'!  voids  oi  bin;  overlaps 
llow  .'ver,  this  is  only  possible  it  the  adhesive  basking  is  sutticiently  opaque  to  \-ravs  and  only  U'r  thin  aluininiuin  tacmgs 
l.Ssc  Ligure  4.'  i‘ . 

Radiography  can  also  dc'iist  the  ingress  ,ii  lunnds  in  the  hotievcoui''  iwater  or  lei  tuel  l as  well  is  the  presence  ol 
-orrosion  or  toreign  matter 

Lor  b Tieycomb  radiography  steps  arc  taken  to  ensure  that  the  \-rav>  run  parallel  to  the  cell  walls  I lus  means  lli.ii 
the  source  be  placed  at  a suitMenl  distance  'loni  the  panel  1 1 to  7 metresi  to  avoid  any  essessive  cell  dctormalu'n 

I igurc  40  shows  what  takes  phue  when  the  \ rays  are  not  in  line  with  the  cell  walls  In  Ligure  40(b).  the  bcaitr  angle 
IS  too  great  and  the  eell  images  lui  the  tilm  overlap  the  results  in  this  case  are  useless  Si/e  ol  the  inspected  ,irea  depenus 
upon  the  distance  between  the  source,  the  panel  and  the  htuieycomh  thickness.  Lire  greater  this  ihickness,  the  smaller  :lic 
inspected  area 

Lor  bra.'ed  stainless  steel  hioneycomb  it  >s  also  {mssible  to  inspect  the  bra/mg  tielween  the  skin  and  the  honeycomb 
In  lad,  lire  bra/ing  metal  lorms  a lillet  at  each  cell  during  the  bra/mg  operation  Lhese  fillets  are  perfectly  seen  lUi 
r.i.iiographic  points,  thus  enabling  the  poorly  bra/ed  areas  to  be  delecleif 

In  ravlionraphy  iil  ntelal-to-nuM.il  Hunts.  I.iek  oh  bra.'ing  m ilerial  is  slurwn  upon  the  lilni  a.  a daiker  area 

Radiography  ol  metal  lo-melal  loinis  anil  edge  members  are  carricil  out  as  per  L igure  41 

Two  speci.il  techniques  improve  the  efficiency  of  radiographic  inspection  and  speed  up  the  inspection  operation 


RuJii>'>nip\ 

Radioseopy  i.uipleil  with  .in  image  inlensifier  is  .i  modern  leehnique.  allowing  the  complete  inspection  ol  ,i  honey- 
comb panel  to  be  made  I'ar  quicker  than  by  making  radiographic  prints. 


S^7 

TTw  operal^ir  the  part  to  he  inspeeteil  on  a I V Mteen.  l uftherntore.  he  has  at  hand  the  control  deviees  to 
move  the  part  in  relation  to  the  X-ray  beam  il'igure  42l 

This  technique  otters  a mimher  ol  advantages  over  conventional  radiofirapliy 

moch  taster  inspection 
inviiediate  interpretation 

I'svvsihilitv  ol  I'vKussin^  inspection  on  a doiihtl'iil  area  hv  searching  tor  the  location  and  onentation  itivinp  the 
hest  results 

Fijure  44  shows  an  installation  designed  lor  hehcivpter  blade  inspi-ction  1 he  presence  ol  water  in  the  cells  is 
revealed  as  light  spots  In  case  iil  dsvtibt  the  nature  ivt  the  tlaw*.  the  »iperat\ir  c.in  turn  the  blade  -Nlighilv  atui  \.aii  thus 
see  the  water  move  inside  the  cells 

It  IS  possible  to  keep  trace  ot  the  results  ol  radioscopic  inspection  bv  tape  recordings  or.  it  only  the  allected  areas  aie 
required,  prints  may  be  made 

/•i-.Woriioi  KidJinttruf>h\ 

In  the  in-moiion  ladiography  an  X-ray  tx'ain  is  tiKUssed  by  means  ol  leai.  plate  with  a slit  opening  isee  I igure  44> 

By  means  ol  a continuous  action,  at  right  angles  to  the  shl,  cither  the  lociissed  beam,  ilie  panel  oi  the  liliii  can  be-  moved 

In  this  technique,  each  area  oi  the  radiographic  lilm  is  successively  e\|vrsed.  the  X-ray  beam  direetion  being 
beneficial  to  inspectnm  m the  area 

Sweep  speed  Is  generally  tviween  >0  ,iiul  ,'tH)  mm  mm 

Beam  direetion  arriving  al  a given  tvuni  on  ihe  film  vanes  as  ihis  pomi  travels  under  the  shi  Mils  le.ids  ti>  a liiz/y 
image  that  has  little  ettect  v>n  the  panel  tace  nmtacting  the  filiii,.but,  can  ehmmaic  the  opposite  lacc  I or  evainpic,  m 
the  case  ol  bra/ed  honeycomb  panels  where  the  bra/mg  iiietol  fillets  arc  ivrt'cctly  icvealed  on  the  prmis.  m-motion 
radiography  only  allows  one  tacc  to  he  seen  One  must  have  access  t<>  both  sides  lo  inspect  the  op|H>siic  lacc  iSs’c 
Figure  4.<  I 

For  large  si/e  panoh.  ulm  strip  is  generally  used,  ollering  several  advaniayvs  iiasi  msivclion,  easy  interpretation  ot 
tlie  results,  film  eco'iotv.v  by  avoiding  merlapsi 

4 .V6  STXNOARI)  BLCK  KS  4NI»  UTtPT  ANt  1 1 RtTtRI  \ 

4.4,61  'jaiKUrds  isee  Figure»  4<>  and  4‘'i 

Most  iv|  the  metIUHls  alieady  describe'd  are  comparative  meiluvds,  the  results  being  I'lilv  mierpreled  bv  relerenci.  to 
standards 

(ireat  care  I’lUst  be  taken  in  I'.ic  rcali.  aluvn  ol  iliese  siandards  as  ins(X'v.lioii  clluiciicy  dc(vnds  on  ihc  rclcicncc  ust.'il 

rile  first  n.cesv'.ry  requirement  to  which  the  standard  must  answer  is  to  he  representative  ol  the  structures  ,o  lx 
inspected,  i e nroduced  Irom  the  same  materuK  and  having  the  vime  shape  ,ind  dimensioos  The  ,idhesi\e  should  K'  Ihe 
same  as  that  I'sed  in  the  sirusture  under  insfxvtion  and  should  tolKvw  the  vime  euring  cyt  le  Ml  these  parameters  are  very 
important,  ■ . a variation  ot  one  ot'  them  can  lead  to  laulty  eahbralion  and  result,  m the  end,  in  inaccurate  inspection. 

Standards  arc  generally  used  li.ivmg  artificial  Haws  introduced  during,  or  alter  iheir  inanulaelure 

rile  tour  mam  types  .if  tlaws  are 

Type  1 Lack  ol  adhesion  between  the  skin  and  Ihe  adhesive 

Type  II  lack  of  adhesion  between  the  .idhesive  and  the  honeycomb 

Type  III  Lack  of  adhesion  between  the  adhesive  and  the  metal  t melal-to-metal  |omn 

Type  l\'  Break  in  the  core 

I ocal  Use  of  grease,  rellon,  or  foreign  materials  lo  reproduce  a bonding  llaw  is  mcflicicnl  I hc  techniques  mostly 
used  for  producing  the  llaws  are  described  bcKiw  I \jxticiicc  only  can  dictate  the  Ix'st  technique,  winch  can  v.iry 
accordmg  to  the  type  of  adhesive  used. 

I.  A blob  of  pre-cured  adhesive  may  be  used  iliinng  Ihe  realization  of  the  staiulard  In  this  case,  the  adhesive  blob  is 

placed  at  Ihe  Uxation  where  the  flaw  is  required.  An  o|X‘iung  is  cut  .nto  the  adhesive  film  so  that  the  hlob  may  be 


VPtl;" 


hi|l45  Kjklii>fcrjph>  o;' a h*>ne\vorub 


'^1 


i'l'mvily  l>«irii)y  the  viirinf  i>|H‘r4li«'n  of  flw  pHHf  j ol  known  dimcninw  »» ihio  «'Niimc»l 

fhtt  mrlhiHl  van  K'  u>^»t  liW  the  lahruahon  of  <it.»iularxl'  Ivpr'  I.  II  an*!  Ill 

' l>|»e  I,  il  ami  III  \l.imlar«|s  lan  jIm<  N'  pr<Hl»vC»l  f>\  lahni.ilmf  pfflciiiv  Nnidod  IC'I  'k\ov  \ Indc.  ol  $t\vn  \i/e 

o llwn  dfillcti  In'ir  Ihc  opp^mU-  '.'n-  lo  iIk'  mlcHaiV  umirr  intpt'vlton 

r>ii\  mclhmi.  whdo  S'in(  vitola. (on  tor  iilltjv»nu  in^piMii'ii  noi  . ilid  !or  rx-vinamc  nopo,ln*n 

' l <H  lype  II  ^lamlanK.  tlawo  N't»wn  llw  .nllH’'t*c  ami  htmf>vOmh  ^an  K’  ohtamni  h\  iHailttmnf  oul  in  area 

v-orTf\p(»n»lmy  to  the  lla»  Tho  maihining  »an  N’  lijhi  <ihnI  Millivient  to  r\*mi'*e  the  adho'Oi'i  or  'lo.ivier  (hretkinii 
Ihroiiph  th'.’  hoiHniomhr  Ihiv  la\l  la'c  o oiilx  lued  lor  ultra«onii  in*|vi Itoii  >i.imlard\ 

4 lack  ot  Kmding  m rm'lal-to-meial  h*inl>  r l\r^'  lIlKatr  tv  r<*pro«l>i« fd  h>  pr\- drithnp  holi-.  in  the  nui.d  tu-v  ivloti 
tVMidin#  KeMdual  ^iirx-d  jillu''i\e  v.in  tv  romo»e<l  irom  llu-  Kiitom  ol  iluoi-  hole'  itiii  iiiriij|i 

4 ,1  h 2 AcerpumT  t'nferia 

IVlinition  ol  the  .('eepiaiui'  inloru  lor  lU'iVviiiif  Kindcd  'tiu'iiire'  o »er\  ti'oltii 
It  enaNtf'  the  ropivlor  !>'  md^e  nkhether  he  anx-pi'  or  nor  a tvirlutdar  ilavk 

ehoiee  ot  the  tv>l  adjpliHl  iii'iv.lioit  melh<>d  depend'  lo  .i  >erl.nn  i vieni  >n  ihe  M/e  ol  ihe  lla»  lo  he 
ileteeled  It  dele'lion  o >'n(\  limiled  lo  i ll.iw  >>1  ,i  ^iveii  dinienv>'n  .i  'oni'le  .lOil  e.i'ilv  ^.imeil  out  nulliisl 
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TABLE  II 


NOT  Methods  fi.f  Evaluating  Adhesive  Bunded  Honeycomb  Structures’ 


Ultrasonic  C-scan 

Ultrasonic  C-scan 

Ultrasonic  ( Contact 

(Through-transmission) 

( Pidse-echo) 

pulse-echo  or  ringing! 

1 Sk.n-to-adhesive  unbond  (Ci)* 

1 Skin-to-adhesive  unbond  (G) 

1 Skin-to-adhesive  unbond  (G) 

2 Skin-to-core  unbond  (G) 

2 Skin-to-core  unbond  (P  - M) 

2 Skin-to-core  unbond  (P  M) 

3 Metal-to-nietal  unbond  (G) 

3 Metal-to-metal  unbond  (G) 

3 Metal-to-metal  unbond  (G) 

Q 

4 Crushed  core  (G) 

4 Crushed  core  (M  -G) 

4 Crushed  core  (P  M) 

o 

5 Teflon  mould  release  (G) 

5 Teflon  mould  release  (G) 

5 Teflon  mould  re, case  (P-M) 

6 Water  entrapment  if  cell.s  are 

6 Water  entrapment  if  cells  are 

6 Water  entrapment  (M  -G) 

-✓) 

-7S 

filled  (G) 

filled  ( M ) 

S 

7 Core  splic;  (G) 

7 Core  splice  (G) 

7 Core  splice  (M  G) 

8 Contaminated  rinse  -.P  M) 

8 Contaminated  rinse  (P) 

8 Contaminated  rinse  (P  G) 

1 Permanent  record 

1 Permanent  record 

1 Good  defect  resolution 

!/) 

2 Good  detect  resolution 

2 Good  defect  resolution 

2 Locate  defect  depth  or  position 

ri 

3 Plan  view  of  part  and  defect 

3 Plan  view  of  part  and  defect 

3 Portable 

> 

4 Detects  back-side  unbond 

4 Locate  defect  depth  or  position 

4 Moderate  scanning  rate 

•a 

< 

5 Can  be  used  to  test  parts  with 

5 Can  he  used  to  test  parts  with 

5 Can  test  complex  shapes 

thick  lacing  sheets 

thick  facing  sheets 

6 Moderate  cost  for  equipment 

1 Part  immersion  or  squlrter 

1 Part  immersion  or  squirter 

1 Liquid  couplant  required 

V5 

required 

required 

o 

2 Access  to  both  sides  of  part 

2 Panel  must  be  tested  from  both 

2 Panel  must  be  tested  from  both 

required 

sides 

sides 

E 

3 Reference  standards  required 

3 Reference  standards  required 

3 Reference  standards  required 

4 Trained  operator 

4 Trained  operator 

4 Trained  operator 

5 Costly  equipment 

5 Costly  equipment 

Infrared 

Holographic 

Infrared 

( Radiometers) 

Interferometry  ( Thernml) 

( Thcrmochromic  materials) 

•A. 

1 Skin-to-adhesive  unbond  (G) 

1 Skin-to-adhesive  unbond  (G) 

1 Skin-to-adhesive  (P  M) 

u 

2 Skin-lo-core  unbond  (P  G) 

2 Skin-to-core  unbond  (G> 

2 Metal-to-metal  (P  M) 

3 Metal-to-metal  unbond  (G) 

3 Metal-to-metal  unbond  <G) 

0 

4 Crushed  core  (P) 

4 Crushed  core  ( M ) 

■A. 

5 Teflon  mould  release  (P) 

3 Teflon  mould  release  tM) 

u« 

3 

6 Contaminated  rinse  (P) 

(i  Water  entrapment  (M) 

?3 

Oi 

7 Water  entrapment  (M  G) 

7 Core  splice  (G) 

8 Contaminated  rinse  (P  G) 

1 Sensitive  to  1.5°F  temperature 

1 Surface  of  test  object  can  be 

1 Low  initial  cost 

A 

variation 

contoured 

au 

n 

2 Permanent  record  or  i ermal 

2 No  special  surface  coatings  or 

2 No  couplant  required 

picture 

couplants  required 

"3 

3 Remote  sensing,  need  not 

3 No  physical  contact  with  test 

3 Can  be  performed  on  complex 

contact  part 

spL^  imen 

geometry  parts 

4 Portable  or  automated 

4 Senshive  to  small  defects 

4 Visual  indication  of  defect 

1 Costly  equipment 

1 Vibration  tree  environment 
required 

1 Thin  skin  parts  only 

2 Liquid  nitrogen  cooled 

2 Thermal,  sonic,  vacuum  or 

2 Critical  time-temperature 

•A. 

c 

detector 

pressure  required  to  deform 

relationship 

specimen 

3 Critical  time,  temperature 

3 In  plate  film  processing 

3 Reference  standards  required 

1 

relationship 

required  for  real-time 

4 Poor  resolution  for  tliick  or 

holography 

4 Coating  needs  to  be  applied  to 

highly  conductive  facing  sheets 
5 Reference  standards  required 

part  surface 

* Set;  Key  in  Tabic  III. 
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TABLE  II  (Continued) 


ShiirlroiiU's  llarnionic 

■in  III  Aeons  tic  Imtxict 

Homt  Tester 

Test 

\AR  Sonic  Resonator 

0 

1 Skiii-to-adliesive  uiibond  (M  G) 

1 Skin-to-adhesive  unbond  (G) 

1 Skin-lo-adhesive  unbond  (P  M) 

(/J  ^ 

2 Skiii-to-core  unbond  (P  Ci) 

2 Skin-to-core  unboiul  (G) 

2 Skin-to-core  unbond  (M) 

3 Metal-to-nietal  unbond  (G) 

3 Metal-to-metal  unbond  (G) 

3 Met  il-lo-inctal  unbond  ((i) 

3 c 

4 Crushed  core  ( P) 

4 Crushed  core  (M) 

4 Crushed  core  (P) 

5 Tetlon  mould  release  (P) 

5 Water  entrapment  (M  G) 

.5  Water  entrapment  (M  G) 

1 Portable 

1 Lortable 

1 Portable 

2 Simple  to  operate 

2 No  couplant  required 

2 No  couplant  required 

3 No  couplant  required 

3 Detects  back-side  unbonds 

3 Detects  back-side  unbonds 

<U 

W) 

4 Locates  back-side  unbonds  in 

4 Moderate  scan  rate 

4 Can  be  used  to  test  parts  with 

thin  sections 

thick  facing  sheets 

> 

5 Fast  scan  rate 

,S  Can  be  used  to  test  non- 

5 Moderate  cost  equipment 

•o 

< 

6 Access  to  only  one  side 

metallic  assemblies 
6 May  be  automated 

(i  Can  be  used  to  test  non-metallic 

required  for  thin  sections 
7 May  be  automated 

assemblies 

1 Assembly  must  contain 

1 Part  geometry  and  mass 

1 Requires  liquid  couplant 

conductive  material  to  establish 
eddy  current  field,  i.e. 

influence  test  results 

c 

aluminium 

2 Reference  standards  required 

2 Reference  standards 

2 Lime  consuming  calibration 

‘c 

3 Does  not  work  on  thick  facing 

3 Test  results  arc  subjective 

3 Slow  scan  rate 

c 

'3 

sheets 

4 Reference  standards  required 

4 Time  consuming  calibration 

4 Reference  standards  required 
,5  ('.eometry  and  mass  of  part 

infiuences  test  results 

h'okker 

Radiography 

Tap  Test 

Bond  tester 

,v-rav 

(Coin,  nial'et) 

1 Skin-to-adhesive  unbond  ((■) 

1 Watu  intrusion 

1 Skin-to-adhesive  unbond  (M) 

2 Skin-to-core  unbond  ((i) 

2 Foreign  objects 

2 Metal-to-metal  unbond  (CD 

3 Metal-to-metai  unbond  (G) 

3 Crushed,  wrinkled,  or  spliced 

3 Crushed  c,.re  (P) 

•j 

core 

4 Crushed  core  (P  M) 

4 Assembly 

5 Unconfirmed  data  indicate 

5 Presence  or  absence  of  skriin 

0 

capable  of  measuring  bond 

cloth 

0> 

degradation  caused  by 

•r. 

environment  and  fatigue 

s 

<)  Bond  strength  (M  G) 

6 Node  bond  (under  ideal 

conditions) 

7 Tefion  mould  release  (P  M) 

8 Contaminated  rinse  (P) 

7 Internal  corrosion 

1 Portable 

1 Permanent  record,  film 

1 Fast  .scan  rate 

-yj 

2 Qualitative  and  quantitative 

2 Adjustable  energy  levels 

2 No  couplant  required 

measurements 

C 

3 Can  be  used  *o  test  parts  with 

3 No  couplant  required 

3 Low  cost 

> 

■O 

thick  facing  sii.’.ls 

4 Geometry  variations  not  a 

4 I’asy  to  (lerform 

problem 

1 Liquid  couplant  required 

1 High  initial  co.st 

i Limited  defect  detection 

2 Incapable  of  measuring  all 

2 Radiation  hazard 

2 No  record  of  test 

discrepancies  which  reduce 

3 Access  to  both  sides  of  part 

3 Results  are  subjective 

c 

bond  strength  caused  by  lack 

required 

4 Reference  standards  required 

of  adhesion  of  resin  to  adherent 

5 Mars  finish  on  thin  facing  sheets 

faying  surfaces;  improper  com- 

□ 

pounding,  overaging,  contamina- 
tion or  incomplete  cure 

3 Calibration  standards  required 

4 Special  probes  required 
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TABLE  III 


Merits  of  Bond  Testing  Method  fur  Honeycomb  Structures'^ 


Test  method 

Titanrim 

Aluminium 

Renuirks 

Skin-to-adhesi  ye 
Skin-to-core 

? 

Crushed  core 

Teflon  mould  release 

5 

■c  a: 

"2  g 

1 ^ 

a > 

^ -S 

Skin-to-core 

Metal-to-meta! 

Crushed  core 

Teflon  mould  release 

Contaminated  rinse 

Water  entrapment 

VOIDS 

VOIDS 

1 Ultiasonic  C-scan 

througli  transmission 

C'.  C. 

G 

G 

G 

P G 

G 

G 

G 

G 

M 

1,  2.  3 

2 Holography  ithermali 

Real-time 

C.  G 

G 

M 

M 

I*  G 

G 

G 

M 

M 

G 

Yes 

5,6 

3 Ultrasonic  C-scan 

Pulse-echo 

G M 

G 

M 

G 

P G 

P 

G 

G 

M 

G 

:,  2,  3 

4 Fokker  Bond  tester 

G G 

('. 

ND 

P 

P G 

G 

G 

M 

M 

P 

No 

1, 3,4 

Q 5 Ultrasonic-manual 

I F'llse-echo 

H 

G ND 

G 

P 

P 

P G 

P 

G 

M 

M 

G 

Yes 

1,  2,3 

Ua 

S 6 Shurtronic  Harmom 

c M P 

G 

P 

P 

ND  G 

G 

G 

ND 

P 

ND 

No 

2,  5 6,  7 

Z 7 Infrared  Radiometer 

H C-scan 

G G 

G 

ND 

ND 

ND  G 

P 

G 

P 

P 

P 

V'es 

5,6,8 

8 NAR  Sonic 

Q Resonator 

ND  M 

G 

ND 

ND 

ND  M 

M 

G 

P 

P 

ND 

Yes 

1,  2,3,4 

z 

g 9 Tap 

M ND 

G 

ND 

ND 

ND  M 

ND 

G 

P 

ND 

ND 

No 

6,  7 

10  Arvin,  Acoustic 

impact  test 

G G 

G 

M 

G 

G 

G 

M 

Yes 

2,3,4,  6 

1 1 NAR  Fddy  Sonic 

ND  ND 

ND 

ND 

ND 

ND  M 

G 

G 

P 

ND 

ND 

No 

4,  5.  6 

12  Turco-bond  check 

M 

M 

P 

ND  ND 

ND 

ND 

ND 

Yes 

5,  6,  7 

1 3 Coinda  scope 

M 

ND 

ND 

ND  M 

P 

P 

P 

No 

1 

14  Sondicator 

G 

G 

G 

G 

No 

1,3 

Key:  (G)C.OOl) 

(M)  Moderate 

(P)  Poor 

(ND)  Not  detected 

Detectability  percent  (6(>  to  100) 

(33  to  b(f) 

(0  to  33) 

(Zero) 

Remarks: 

1.  Requires  liquid  couplant. 

5.  Electrical  conductivity  inHuences  system  resiionse. 

2.  Detects  defects  in  back-side  of  panel. 

6.  Does  not  require  liquid  couplant. 

1 

3.  Detects  unbonds  in  panel  having  thick  facing 

7.  Easy  to  .set-up  and  use. 

sheets. 

8.  Data  based  on  “ 

pitch 

catch"  techniques.  Better 

4.  Requires  time  consuming  calibration  procedures. 

results  are  anticipated  with 

“through  transmission" 

techniques. 

N.B.  With  “skin-to-core" 

defects  in  aluminium  and  titanium  honeycomb,  it  has  been  our  experience  that 

1 such  flaws  are  not  detected  by  the  Fokker  Bond  Tester  but,  on 

the  other  hand,  are  very  dearly 

shown  up  by  Method  5 (Ultrasonic-manual  Pulse-echo). 
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NDI  OF  COMPOSITE  MATERIALS 
W.L. Shelton 
ABSTRACT 

This  chipter  presents  a review,  which  includes  many  of  the  techniques  applicable  to  the  nondestructive  inspection 
of  composite  materials  and  stnictures.  Included  are  subjects  covering  the  general  problem  areas  of  compcsjites,  the 
defects  which  may  occur  in  composite  production  and  fabrication,  and  the  nondestructive  tests  which  are  applicable 
for  detection  and  measurement  of  such  defects.  The  nondestnictive  tests  are  discussed  in  sufficient  detail  to  give  the 
user  an  appreciation  of  the  concept  of  each  test,  and  the  limits  of  its  capability. 


4.4.1  INTRODUCTION 

Nondestructive  inspection  technology  has  not  advanced  to  the  point  wnere  it  alone  may  be  relied  upon  to  assure 
necessary  product  quality  in  a given  engineering  application.  There  are  a number  of  variables  in  the  materials  and 
processes  used  in  composite  structures  that  must  be  very  carefully  controlled.  These  controls  u.sed  in  combination  with 
nondestructive  inspection  can  go  a long  way  toward  assuring  product  quality.  There  is  not,  for  instance,  any  reliable 
nondestructive  technique  to  measure  bond  strength.  This  can  only  be  assured  through  good  process  control  and  a 
nondestructive  inspection  for  voids  and  unbonded  (disbonded)  areas.  Bonded  sub-assemblies  must  be  nondestructively 
inspected  prior  to  incorporation  into  the  final  assembly.  This  situation  can  become  a real  problem  if  contamination 
from  other  sources  is  not  controlled. 


Nondestructive  testing  (NDT)  identifies  and  measures  abnormalities  within  a material  without  degrading  or 
impairing  the  use  of  the  material  in  any  way.  .Acceptability  of  the  material  aepends  on  engineering  judgement,  and 
where  possible  correlation  of  the  “observed"  defects  with  performances. 


This  chapter  presents  a brief  review  of  available  nondestructive  test  methods  that  have  been  used  for  evaluating 
reinforced/composites  structures. 


TABLE  I 

Defects  Common  to  Composites' 


Metai 

Composite 

Comptinents 

Components 

1 . Adhesive  bunded  honeycomb  assemblies 

1 . 1 Skin  to  cote 

1.1.1  Unbonds 

X 

X 

1.1.2  Chemical  milled  land  voids 

X 

1.1.3  IX)ubler  step  voids 

X 

1,1,4  Porosity 

X 

X 

1.1.5  Kxtra  adhesive 

X 

X 

1.1.6  Missing  adhesive 

X 

X 

1.1.7  Inclusions  (foreign  material) 

X 

X 

1.1,8  Adhesive  gaps 

X 

X 

1.1.9  Cut  adhesive 

X 

X 

1.1.10  Voids 

X 

X 

1.1. 11  Weak  bonds 

X 

X 

1.1.12  Unremoved  protective  film 

X 

X 

1.2  Skin  to  structural  member 

1.2.1  Missing  adhesive 

X 

X 

1.2.2  Unremoved  protective  film 

X 

X 

1.2.3  Doubler  unbonds 

X 

1 .2.4  “Brow'nies"  (resin  starved  adhesive) 

X 

X 

1.2.5  Porosity 

X 

X 

1.2.6  Weak  bonds 

X 

X 

1.2,7  Kxtra  adhesive 

X 

X 

1.2.8  Inclusions  (foreign  material) 

X 

X 

1.2,9  Adhesive  gaps 

X 

X 

1.2.10  Cut  adhesive 

X 

X 

1.2.11  Voids 

X 

X 
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1.3 


1.4 


I.S 


1.6 


1.7 

18 

1.9 

1.10 
1.11 


TABLE  I 


Urfecti  Common  to  Coint^m'  (Continued) 


Metal 

Composite 

Ci>mponents 

Compttnrnts 

SpBcc  pbte  to  composite 

X 

1.3.1 

Voids 

1.3.2 

flaps 

X 

1 .3.3 

Unbonds 

X 

1.3.4 

Poroiiity 

X 

1.3.5 

Resin  dlls 

X 

l.3.(> 

Inclusions  (foreign  material) 

X 

1.3.7 

Unremoved  protective  film 

X 

i .3.8 

Porosity 

X 

1.3.9 

Weak  bonds 

X 

1.3.10 

i-.Xira  adhesive 

X 

1.3.11 

Cut  adhtsive 

\ 

Foaming  adhesive  (lack  of) 

1.4.1 

Core  splice 

X 

\ 

1.4.2 

( ore  structural  members 

X 

X 

1.4  3 

Slrear  ties 

X 

1.4.4 

Voids 

X 

X 

Core  defects 

I 

: 

1.5.1 

Node  seturations 

X 

1.5.2 

Crushed  core 

X 

i 

1.5.3 

('ondensed  core  (cell  nesting) 

X 

; X 

1.5.4 

Distorted  core 

X 

X 

1.5.5 

Wrinkled  core 

X 

X 

l.5.(i 

Low  core 

X 

X 

1. 5. 7 

Distorted  core 

X 

X 

1. 5. 8 

Wrinkled  core 

X 

X 

1. 5.9 

blown  core 

X 

X 

1.5.I0 

Water  in  core 

X 

X 

1. 5. 1 1 

Cut  COK' 

X 

X 

1.5.12 

Missing  core  (short  core) 

X 

X 

Surface  flaws 

l.ti.l 

Cracks 

X 

X 

1. 6 2 

Scratches 

X 

X 

1. 6. 3 

Blisters 

X 

X 

I h.4 

N'oids 

X 

1 .6.5 

Porosity 

X 

I 6 6 

Protrusions 

X 

X 

l .<.  ' 

Indentation  (dents  dings) 

X 

X 

1. 6. 8 

Wrinkles 

X 

1. 6. 9 

Pits 

X 

1.6.10 

Pinholes 

X 

1. 6. 1 I 

Cuts  and  abrasions 

X 

Lack  of  sealant  at  fasteiters 

X 

I 

Poor  nt-up 

X 

i \ 

i 

Double  drilled  or  iiregular  holes 

X 

i 

Thick  adhesive  bond  joint 

! X 

! X 

i 

Foreign  materials 

X 

X 

1.12  Adhesives 

1 iM  Voids 

1.12.2  High  and  low  density  areas 
1 . 1 2.3  Non-uniformity 


X 

X 

X 


1 


\ 


d 


XXX 


Dvfcct:i  CommiMi  lo  CnfNMiln'  )C'onliniwdi 


Ifera/ 

( 'iimpitncnis 

Mi 

Compprile  lape/lamiiialc  flaws 

1 I.VI 

Tape 

1.13.1.1  Missing  tlUmenls 
1.13.1.:  Broken  nUmenls 

1.13.1 .3  Misaligned  rdamenls 

1 . 1 3. 1 .4  Splicetl  tllaments 
113.15  hilameni  spacing 

1 , i 3. 1 .0  Filament  cftvss-overs 

I.U 

l«ninate 

1 14.1 

Fractures 

1.14.J 

De  laminations 

1.14.3 

Voids 

1,14.4 

Porosity 

1.14.5 

Resin  fills 

1 I4.h 

Resin  rich  starved 

1.14  7 

Inclusions  (foreign  material) 

1 14.H 

Off  angle  lay-up 

1 U.*! 

Bridging 

114  10 

Blisters 

1.14  1 1 

Cuts  and  abrasions 

1.14,1: 

Pre-preg  hutt  joints 

1.14,13 

Prt-preg  overlaps 

1 14.14 

Pre-preg  gaps 

Cn>nfKi.\itr 


TABLE  II 

Available  NDT  Techniques  for  Composites 


Techniqiifs 

/Vret'rion  i'apahilitv 

l.imiliitions  PistfJyuntaiif^s 

Visual 

Blisters.  Porosity,  ( racks. 
Discoloration,  Surface  Detects 

Limited  to  surface  defects  in  opaque  material 

Ultrasonics 

1 . Pulse  Feho 

Delamination.  Porosity 

Requires  immersion  in  water. 
Requires  expert  interpretation 

:.  Transmission 

Delaniination 

Limited  to  accevs  to  both  sides. 
Geometry  of  the  part  sensitive 

3.  Resonance 

Composition,  thickness 

Sensitive  to  geometry  of  the  part 

4.  Velocity 

Modulus,  density 

Requires  immersion  in  water 

5.  Fokker  Bond  Tester 

Void  detection  in  metal-to-metal  and 
metal  to  honeycomb  structures 

Requires  liquid  coupling,  must  test  both 
sides  of  honeycomb  panel  separately 

i 

6.  Shear  Wave 

Defects  in  comple.x  shapes 

Requires  immersion  in  tank  of  water 

Sonics 

i 

1 . Coin  tap 

: Lack  of  bond 

Requires  expert  interpretation 

2.  Sonic  resonator 

Unbonds  and  other  gross  defects 

Requires  liquid  coupling,  difficult  to  use 
when  inspecting  tapered  structures 

3.  Eddy-Sonic  j 

Cracks 

Limited  to  surface  or  near  ac.  defects 

NDT  tar  ( tNnfMMln  K'lMiHiHWdi 


Trt'kni^un 

Ikrtrvium  C apuMiti 

1 tiHiUlttms  /Aaii/iunragrv 

4 SWAT 

('rack  craiini 

R(i|uirrs  iramed  personnel  to  apply  and 
interpret  results 

RatflBtioi; 

1 X-ray 

Inclusions,  cracks 

1 muted  to  craci.  virc.  must  have  access  to 
both  sivles  ot  the  structure 

2.  (>amma  radiation 

IVnsity  vanaiions 

Must  have  access  to  both  sides  of  the  sttuclurc 

Efoelikal 

1 TIectrtcal  Reaistivitv 

IVgrxte  of  cure,  comptisilion.  moisiure 

tamived  to  Hat  surfaces 

2.  (\vrona  TWharge 

' ' Olds 

1 imited  to  Hal  surfaces 

Eketromagnelic 

1 . Microwaves 

Voids,  delamiiialionc.  porosity  , resin 
vanables 

Ihfllcult  to  interpret,  requires  speciali/etl 
personnel 

Thwijvt! 

1 . Inf.'a  Red 

\ Olds,  delaininalioiis.  unboiuis 

Sensitive  to  geometry  of  the  part 

2,  Uqrid  C ry  stals 

t 

Vs»iJn,  JcLiniiiuttons.  unK'iuN 

Not  useful  for  aluminum  metils-to-aluminum 
honey  sirucliiivs 

.1  Photo  Chronic  C oating 

\ouSn.  A'nN.  unK^nJx 



S'ery  insensitive  to  small  delects,  useful  for 
surface  and  ne  ir  si,i  lacv“  defects  only 

4 4.2  INSTECnON  T^ST  Ml THOUS 

4.4.2  1 Visual 

Visual  inspcs'tK'n  is  tlir  most  sonmusiils  ji  I >s.iUi'  used  M>1  meihiHl  IViCsis  which  arc  ohs^rved  include  iiireign 
inclusion.  cra/in|i  cracks,  sc-atshis,  nicks,  hlisiers,  piuiiif!.  jir  hubbies.  I'Hirosiis  . resiii  ric*'  ind  resin  starved  areas, 
discoloratior  v -utkles.  voids  and  ueUnii'  ,:t  ' ms.  Visual  aids  such  as  intense  hfbi  or  nu|ntlyinf  (tlavsc  are  used  to 
increase  detection  apibihty  Hetlected  li|iht  is  used  lor  onserviiijt  surlavV  irrejulaniies  .ind  other  delects,  iransinilled 
light  IS  ol'len  used  v he:  > bvvih  siirlaces  ot  the  material  are  accessible  to  reveal  delects  within  the  nulen.il  Visual 
evaminativin  is  Ir  .ed  . ;he  deleclum  of  rather  larife  defects  even  though  inspected  b\  a trained  sp^rator 

Fhe  use  of  reinforced  composites  m sandwich  nvnsiruclion  requires  iiirlher  inspection.  \ isujl  mspecl.oii 
immediately  after  cure  and  upi'n  removal  of  adhesive-lHvnded  honeycomb  sandwich  parts  from  the  heal  source  often  can 
reveal  blisters  which  may  disappe.ir  w hen  the  pin  hK'Is  and  the  internal  pressure  i>  redi'ceJ  Wheie  void-tree  laminate 
lacln|^  are  used,  visual  evamination  c.m  be  accomplished  by  special  lighting  to  detect  defects  within  the  structure 

4. 4. 2. 2 Acoustic  TechnittUn 

4 4 ' ' I d nirusithh  \ 

lUtrasonics  includes  a numbei  ol  different  techniques.  These  techniques  ulili/e  sound  energy  at  Itequencies 
generally  at  100  KH/  to  ds  MMa,  In  the  two  most  basic  metluvds  a beam  of  ultrasonic  energy  is  directed  into  the 
material,  and  either  the  energy  transmitted  througli  the  material  or  the  energy  rellected  from  interlaces  within  the 
matenal  is  indicative  of  the  characteristics  of  the  material*  I'llrasonics  has  demonstrated  its  ability  to  delect  defects 
within  compivsite  materials  l igur-  1 shows  a t'-sc.in  recording  of  a graphite  epoxy  test  specimen  I'nbonded  or 
delaminated  areas  and  voids  of  I Sin  or  larger  can  K*  leadily  delected  The  dark  areas  indicate  defects 

When  the  ultrasonic  wave  teaches  an  interface  or  a discontinuity . part  of  the  energy  is  rellected  The  amount  of 
reilected  energy  depends  on  the  acoustic  impedance  i*f  each  medium  The  energy  iransnmied  through  the  matenal  i-. 
reduced  by  energy  rellections  and  attenuations  within  the  sample.  Tluis,  the  vanaiions  m rellected  and  tiansniiiied 
energy  can  serve  to  Ux-ale  defects.  i e , discontinuities  m the  path  ol  the  .dtrasonic  beam. 


iniifv  Oi:'"  rht>m'tijn\mi\Mon  ( van  ^ Mil/ 

Ki|t.  I I'IUjhw  ..  ('-'cjn  oi  pjphiu  tf|v>\\  rolorortvc  Nljniljrvt  shimmf  o>  unN<tul 
This  i>  a fnf\  \*.alo  re^ordinf  <1  I I veitdalr 


THIOUCH  TRANiMiSSlON  MITmOD 


CRT  «RESf  NVATlON 


RtCtiVER  EltMENT 


RRf  AmRIIFKR 

♦ TO  RECEIVER  AMRllFlER 

AND  RECORDER  SYSTEM 


RUISE  ECHO  METHOD 


CRT  RRISENTATION 


TROm  RUISER 

TO  receiver  AmRUFiER  I 
AND  RECORDER  SYSTEM 


COMPOSITE 
H-  RIEIECTOR  RlATt 


i IR  ' I'ltraNoni.  niNpc^.  lion  U'^ linu|iic 


fhc  )illra«inK  in«ot«r«  the  ekctrtv4(  puKin^  ol  a crvttal  ol  ptrrwkvlni  matrnal  which  conwi*  the  ckv 

incal  puhr  to  mw-hanKal  tntffy  the  mechanical  oneffty  n thin  tni  into  lh«  le^i  mairfial  with  the  utr  o(  a ctnifilmp 
medium  icuufitanl  V e g . water  oil  gtycenne.  and  water  gei  The  round  energy  reflevled  h>  or  trancmilted  through  Ihr 
nrtem  ii  pKhed  up  h\  a Irinalucer  that  cxMiverti  «>uM  to  electrical  energy . which  i«  then  analy  r«Hl  and  d'i|daye<l  on  a 
cathode  ray  tube  K'RTi  or  wanning  tape  recAirder  tigi.’rr  1'  it  a whemalic  dlt^am  ol  a typical  ultrawmii.  iiitrm 

■44''  ' hHurhttit  tri  km^tr 

in  the  pulie^'lH'  technK)ue  the  relVrctionr  or  echoec  from  interlacry  and  anomaliey  promde  the  meacorement 
information  from  one  ode  of  the  mateful  \ detect  ic  dclermiiKrd  to  he  pmeiit  it  the  tranMiiilled  energy  o reHevtcd 
helo*v  It  reachet  the  l^ck  curtace  Thrt  can  he  oheerved  ay  a |ieak  on  the  CRT  between  thore  puhei  c<HTey|<onding  to 
the  intiul  pwlie  iw  the  Irsmt  curlace  rellectHin  and  the  hack  Mirface  renection  the  apprmitnale  Itxatnm  ot  the  defect 
n determined  to  he  rrlatoe  to  the  pociImmi  ot  the  mulling  peak  with  mped  to  the  prakc  ot  the  initial  puKr  or  front 
MirfacT  lefVctHio  and  the  hack-yurfav-e  reflection 

4 4 T through-  thmoncvooii  />,  hntgur 

the  Ihrough-irani.nicuon  technique  utilirec  the  iillraronic  energy  that  pann  through  the  material  the  rei'Cived 
energy  o reduced  by  defeclc  and  rewilic  in  reduced  ampitiude  of  the  peak  on  the  CRT 

The  two  nauc  ullraionic  lechnntucy  pulcrecbo  and  through-trancmiwion  are  loeful  for  lixaling  large  delaminaiKinc 
which  are  perpendicular  to  the  direction  ot  the  ultracctnic  trancmicuon  Smaller  detevty  uich  as  delaminalionc.  itudy. 
min  clarved  areac.  and  porocity  are  more  diiTTcull  to  detect 

4 4 ' ' 4 Shr<m  h'jie  tVs  hmgue 

Complex  \hape>  are  dilTicult  to  te't  with  ultravonicy.  a\  are  rough  'iirlacey,  laige  grained  matenab  and  liber 
reinlorved  coniptmtey  Tor  vOinpIcv  chapey  a yhear-wayo  ultravinu  t?ihniitue  oay  been  ii\ed‘  The  ulUawinu  Mgnal  o 
>ent  into  the  part  at  a predeterinined  angle  trxini  the  inimial  1 1 ' < • TO  degi  fkhere  JeleciN  are  prexent  the  Mgnal  ic 
reflected  and  an  echo  will  be  receoed  by  the  Iranwhuer  It  no  deie>.t\  are  prewni.  Ihe  vnind  wave  i\  reflected  between 
the  Mirlacex  of  the  rurt  uiii!l  allcmutexl.  and  there  o no  return  ogn.il 

4 4 ' * ‘tijtti,-  fi'i 

Cltrav’tiu  fevinaiKe  U\hniquex  ulili/c  the  change  in  revoiunf  tieguency  on  the  energy  de>.rejve  at  Ihe  levoiunl 
ireguenev  as  indications  of  the  presence  of  a defect  in  a ieinC'rv.e«:  ompN'siie  part  The  resi'iiant  iregiietuy  of  the  part 
must  K*  determined,  this  depends  on  the  typ^-  ol  material  and  n- 1 Tysical  dimensions*  Inherent  vai.ations  m 
•c*.'mp\>si!ions  i>r  dimensuins  ihe  material  retlucc  the  scnsitiVuv  aiui  fcsitJiiiH»n  vietcwts 

4 4 ' ' fy  I in  Ti  c fl'tltf.ii 

The  ultiass'iiu  >elo».ii\  lechnigtie  van  be  used  to  indisale  v.ii(,ibilil'  sn  vlensiiv  .iiul  elastic  iiuhIuIus  m the  nulerul 
Otanges  m ihevehKiiy  provide  the  uejsarenieiii  uiioriiuiuvii  I igure  ' i' -i  bliKk  ilijgram  vd  the  uhr.isonu  vebKdv 
measuring  apparatus 


OSCHlOSCOPt 


I ig 


it'jgijm  .d  ullrjsi'iiic  veliKily  measuring  irt'aral ii 
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4 4^2  ' htkkr’  Ikm4  Trttf* 

CW  ol  th«  mtnC  cttmtiHWiy  M«rd  NDT  Irchnufurt  rvahMlin^  Ih*  q"alil>  of  «(ihrM«vl>  bond«d  mrtal 

i«  lh«  l t4iKrt  RomJ  Te«lrt  Thr  FtAkrr  KiNMi  t«an  ulir««tnK'->rr«m«rH'r  l>pr  mMrtimrnl  which 

utilim  <t  it>  «minf  ^tenwnt  * ^turlecIrK  crytul  vihraiiny  al  ultrawmK'  fivijiKiKin*  Wh«n  the  iratuduerr  l^  fitavvO 
in  oifilavt  with  Ihr  malttul  lwn(  Htn^rvlnl.  its  nhratiiMi  is  mfluancnl  hy  Ihr  chatacIcitslK's  of  th?  matrnal  \ vollmrlrt 
iR-tcaW)  imiH'airs  iha  amount  oi  d«mpin(  ol  Ihr  iranwIiKWt  »ihralion.  ami  a CRT  ) A-scalr ) imiKairs  thr  shift  in  rrvtnanl 
fm^urncy  fhr  trsirr  is  calttHalnl  with  homlrJ  spr«.imrns  of  known  i)iiaiily  Tltr  (Quality  of  Ihr  homirst  sprcimrii  umlrt 
Irst  IS  then  drlrrminnJ  from  Ihr  mayniimW  ol  ihr  rrsonansr  irrr|urnwy  shift  i A-svair  i on  the  Jam|mn|i  of  ihr  |^ak 
ampliliiilr  i R-s<,4lr  > 


4 4 Jl  SONIC  METHOns 

V'tiK  tcslirf  iilili/es  IreqiienvH's  Ironi  thr  judihle  lo  thr  iowrt  iilitasonu  rrfion  in  ihr  rjnm'  ol  troin  ^0  11/  lo 
UK)  KH/  I.i|>|nn|  j siniriiirr  wiih  j com  <>r  other  nirijllic  ohiecis  o j common  leihmgiir  lor  deirciion  ol  jross 
co'iutilions  s;ich  as  cracks  and  drlaminalHins  A well  Jefiiiesl  rnifiny  scnin'l  is  imlicatise  ol  a aril  Kmded  siriuinrr  \ 
dull  «>unJ  or  thud  mdica'es  a drlaiiiinalion  or  relaltsels  larfr  soul  area 

4 4 3 1 Sonic  Rnmnalnr 

In  adctilioii  to  iiumi.ll  lapping,  antoiiialcci  appai.iliis  van  he  used  lt«  lavililalc  llic  i>|vi.ition  .iiul  impri-.c  vcnsiliwu  ' 
The  Soniv  Resonaloi*  decelopeil  h>  North  AiiH'rivan  Kockwril  Iik  h,is  hei'ii  rmplovv'd  lo  l.'v.ilc  imK'iidcd  .iic.is  .ind 
other  (toss  deles  Is  in  lammals'd  and  hones  coiiih  vimlwich  siriictures  I his  insiriiineni  iilili/cs  ,i  s ihMiiii^  ers  si.il  i,i 
evcite  Ihe  siruciure  acsnisiivally  Revnunce  vKciirs  when  the  irs-qiiencs  id  Ihr  applied  lidsc  voir\'sp,nuls  i,i  the  luiiir.il 
frrunencs  ol  ihe  ’inicliirs-  under  inspvvlion  As  wiih  iilirastnncs.  Ihr  sonic  resonaior  rciqiiiies  ,i  Ik)uuI  voiipl.ini  in  ordet 
to  iransmil  adetfiialc  avonslic  e nr rfs  nilo  the  lesi  pari  The  insirtinieni  is  cap.ihlr  ol  delecting  Urfh-  souls  isi(!.iii  the 
avsuravs  ol  2D  ol  its  proK’  dMmeter.  and  lus  demonsirated  iis  vapahiliis  lo  detcvi  traciiired  hones. oinh  voie  .it  .ms 
depth  thrsiiiyhout  a vompsssite  Only  one  surface  ol  thr  siruciure  need  K-  acss'sMhle  lor  the  leihniifur  One  ol  ihr 
limilatiisns  ol  the  lechniqne  is  hecausr  ol  Ihr  penssdu  luiiirs-  ol  asonsiiv  imps'dancr  Ihr  rs'adinf  iroin  Ihr  i.isinmirr.: 
sanes  as  a lurKlis'n  ol  Ksnd  laminate  ot  honeyvi'inh  votr  saiulwich  part  thickness  fhis  sanation  lenuires  that  Ihr  sisnu 
resonator  he  lei lined  when  lesiinf  alonp  .i  ijfvred  hones v.>mh  se-  tion 

4 4 .)  2 Irdds  Sums  reehniqiir 

fhe  I dels  Svinu  leshinque’  uiih.'es  rleslionu^neliv  means  lo  cnrrp/e  the  nuierijl  w ith  rslds  cnnrnls  Monitoring 
I'l  Ihe  resiiliing  acoustical  ic’spisnses  liu.ale'  delccls  t onlact  Ix'iween  iIh'  sinidure  .ind  ihc  transducer  is  nol  required 
liquid  Ol  mi  cou|iianis  jic  not  used  iiowesei  in  ■ idei  io  priuiiice  ihe  c’dds  • urtrnis  an  ciocincaiis  condiuiisc  .n.neiiai 
musl  he  present  in  ihe  malei.al  lo  he  inspsu  led 

4 4 .)  Sims  tAjse  Aiulysrs  leehittqucs  iSti  ATi 

Noise  generated  dtiniig  prisi'l  loading  .>l  a lemlorccd  conipi'siie  siniclnic'  .an  K‘  used  as  an  indicali-r  ol  Ihc 
lotmalion  ol  crazing  or  .racks  \ change  in  Die  sound  tcsel  accc'inpanis’s  the  loiinalion  or  esirnsusn  ol  d.icks  ssilhin  llu' 
slniclurv  Knh  thr  use  ol  suitaNc  esjuipmenl  Iheare.isol  suspsM  .an  he  iivaled  Ihc  lechnu|dc  is  nol  n.sncleslnidisc 
in  nalure.  sin.e  it  tequirs-s  the  applualiv'ii  .'l  a pio.d  ioa.l  lo  the  pari  heing  ic'icd  s.ncc  such  hvads  can  in.l  do  treqiiciuls 
deglade  the  strength  ol  Ihe  pari  I hc  Sues' K. is c \nalssis  leshmqiie  iSK  \ I i dcselo|xul  hs  AeiotcM-iener.il  i . rp 
ulili/es  acceleromelers  lo  record  noises  during  hsdio  ’c'siing  Hits  technique  was  used  lo  dried  noises  piiKliiccd  .il  l.nsci 
stress  lesels  tor  .orrelalion  with  idlimalc  slrcngth  in  pressure  srssels 
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\ las  ladiographs  is  ihr  iivst  widris  srd  pc-nrlr.iling  radialion  mclhiui  .<1  NIM  I hr  drlrdion  ot  dcirds  depends 
upon  lariaiions  in  thickness  or  density  oi  i inalcnal  m the  path  oi  the  i.idiiiioii  Aicas  .d  lower  drnsiis  ssiihin  Ihc 
nuic'ual  will  ahsorh  less  radialion.  so  ihal  ihr  drirdor  ililiniwitl  rrcOise  a grcalci  inunisiis  ot  ladi.dion  in  ihc  lOiic' 
ponding  area  Because  .oinposilrs  siuh  .is  IiKt  cIj's  rps'ss  cirhon  .arhon  eposs  ,ind  gr.iphitc  eposs  .nc  .>l  losccr 
donsits  than  niosi  nieials  the  pt.'sc-n.c  .d  in.hiMoiis  .d  higher  dcnsiiics  arc  ic.idils  seen  hs  this  incilust  I igurc  4 is  ,i 
print  ol  a radiograph  s'lowing  sc'iisiiisils  to  dishonds  .r.icis  1 1 hot  gaps  .nul  souls  ihc  sin.illc'l  ot  ss huh.  is  ii  U > nu hcs 

\ ras  radiographs  has  hecr  cmpl.'sc'l  loi  l.ualing  l.ngc  s..|d'  dclaininal loH'  .nu!  .i.uks  m iciidouc.l  .oinp.'silc 
fsarts  Such  a deUM  .an  he  dele. ted  prosulcd  the  del  .'.l  is  sultu  icnils  latgc  willi  icsjv.  I lo  the  dire,  lion  ol  ihc  \ t.is 
heam  iViccis  oriented  normal  lo  the  ladi.i'.ion  olien  are  dilluull  lo  dele,  t c g tight  sinl.uc  .r.i.ks  nonn.il  io  ,i 
nialerurs  suriace 
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4.4.4. 2 Gi^mnia  Radiation  Technique 

Giimni^  radioisotopes  are  available  t'roin  sources  such  as  Cobalt  60,  Cadmium  1 09,  and  Cesium  1 ,t7.  A through 
transmission  gamma-radiation  technique  is  being  currently  used  to  indicate  variation  in  material  density.  Figure  5 is  a 
diagram  of  a radiation  density  gage  system. 


4.4.5  ELECTRICAL  METHODS 

Electrical  properties  such  as  the  dielectric  constant  and  dissipation  factor  (or  loss  tangent)  can  he  used  as  indicators 
for  nond<*structively  determining  variations  in  reinforced-plastic  composite  materials’ , For  a given  thickness  and 
composition,  changes  in  degrees  of  cure  can  be  evaluated  by  dielectric  constant  and  dissipation  factor  measurements,  the 
values  for  these  parameters  decreasing  as  the  resin  is  cured.  Similarly,  moisture  content  can  be  determined  with  an 
accuracy  of  approximately  ±\7r. 

4.4.5. 1 Dectrical  Resistivity 

Electrical  resistivity  has  been  u.sed  to  determine  optimum  curing  cycles,  uniformity  of  composition,  and  the  presence 
of  moisture.  Continuous  resistivity  measurement  has  been  investigated  for  monitoring  the  cure  of  reinforced-plastic 
composites.  Because  electrical  resistance  of  plastics  is  highly  sensitive  to  changes  in  temperature,  the  temperature  during 
the  test  must  be  carelully  controlled.  Volume  resistance  measuremenKs  require  that  the  probe  have  access  to  both  surfaces 
of  the  part. 

4.4. 5. 2 Corona  Discharge 

Corona  discharge  is  being  used  for  determining  the  presence  of  voids  within  plastic  laminates.  When  the  material  is 
subjected  to  a high  pol-ntial  (electrical),  the  gas  (air,  moisture  from  the  resin)  within  a void  ionizes,  causing  acceleration 
of  electron  to  the  wall  of  the  void'® . The  presence  of  voids  can  be  detected  and  evaluaied  by  measurenic  u of  the 
resulting  voltage  charge,  the  light  produced,  or  the  noise  emitted.  The  high  voltage  that  produces  the  coiona  discharge 
must  be  of  a short  duration  to  prevent  burning  the  part. 


4.4.6  ELECTROMAGNETIC  METHODS 

4.4.6  I Microwaves 

Microwaves  are  electromagnetic  radiations  of  very'  high  frequencies  ranging  from  about  50  KMHz  to  100  KMHz. 
Microwave  techniques  can  be  used  to  .letect  defects  and  for  measuring  thickness,  moisture  content,  and  dielectric 
properties  for  nonmetallic  materials'“ . For  composites,  defects  that  can  be  detected  by  these  techniques  include  \ ids, 
delaminations,  porosity,  foreign  inclusions,  resin-rich  and  resin-starved  areas  and  variations  in  degree  of  c'lre  and  moisture 
content.  Because  of  the  high  frequencies  used,  the  microwave  radiation  beam  can  be  focused  on  small  areas,  providing 
high  resolution  in  locating  defects. 

A microwave  source  (horn)  directs  the  radiation  at  the  test  material.  The  energy  reflected  or  transmitted  by  the 
specimen  can  be  used  for  the  evaluation,  A crystal  detector  converts  th.e  resultant  wave  into  an  electrical  response. 

Figure  6 is  a block  diagram  of  a typical  nnerowave  system. 

Voids  have  been  detected  at  the  core-to-skin  interface  of  honeycomb  ablative  material  that  were  adhesive  bunded 
to  metallic  face  sheet.  Scattering  of  the  microwaves  by  the  voids  causes  a reductic.i  in  signal  amplitude,  which  was 
observed  on  a cathode  ray  tube.  Microwave  signals  at  3 to  4 KMH.’  have  been  used  to  detect  bond  separations  of  about 
1/16  sq.in.  in  areas  in  complex,  reinforced-plastic  honeycomb-sandwich  structures. 

Microwaves  can  be  used  to  monitor  the  curing  process  and  to  indicate  the  degree  of  cure.  The  dielectric  properties 
of  a material  change  as  the  resin  cures,  the  microwave  reflections  respond  to  these  changes.  The  dielectric  properties 
of  a reinforced  plastic  depend  on  chemical  compositions,  composition  variables  and  impurities  can  be  detected  by 
microwave  techniques. 

Microwaves  strongly  interact  with  water,  and  therefore  may  be  used  as  a means  to  measure  moisture  in  plastics.  In 
Idition  io  signal  attenuations  due  to  microwave  energy  loss,  phase  shifts  in  the  standing  waves  can  also  be  used  for  NDT 
measurements.  A phase  shift  will  occur  if  the  d>  ic  properties  of  the  material  are  varied.  Part  thickness  and  geometry 
can  influence  the  results  of  NDT  measuremen'  "'i  . >t)i  signal  attenuation  and  phase  shift. 


4.4.7  THERMAL  METHODS 

r*  1.7.1  Infrared  Scan  Heating  Techniques 

The  difference  in  heat  flow  caused  by  defects  within  a material  can  be  used  as  a iiondestructive  test  indicator.  In 
order  to  study  heat  flow  in  a material  it  is  necessary  that  the  part  contain  either  an  excess  or  a deficiency  of  heat  with 


590 


DUAL  BEAM 


CRYSTAL  DE 


Fig. 6 Microwave  void  detection  system 

.50  KMIlz  to  100  KMUz  microwave  energy  is  transmitted  I'rom  a single  horn  and  part  of  this  incident  energy  is  reflected 
and  part  retracted  into  the  lest  sample.  This  refracted  wave  is  totally  reflected  from  the  conducting  adhesive  and  is 
received  by  one  or  the  other  of  the  two  receiver  horns.  The  angle  which  the  transmitter  and  receiver  horns  make 
with  the  surface  of  tlie  sample  is  critical  for  proper  operation  of  the  system.  For  a system  without  voids  a 
maximum  signal  is  reflected  from  the  conducting  adhesive.  When  a void  exists  there  is  a drop  in  the 
received  signal  amplitude  in  comparison  to  that  from  a normally  bonded  area.  The  wave  reflected 
from  the  top  surface  is  neglected  since  it  does  not  interfere  with  the  receiver  horns  and  passes 

out  of  the  system  path. 


respect  to  its  surroundings"  . The  more  conventional  methods  of  thermal  NDT  employ  scan  heating  or  axed  large  area 
heating  methods  of  introducing  heat  into  a material.  The  scan  heating  technique  is  shown  schematically  in  Figure  7. 
Once  the  material  is  heated,  as  it  heats  further  or  cools,  the  surface  temperature  is  observed  with  a sensitive  infrared 
radiometer. 

4.4. 7. 2 Thermal  Coatings 

Another  thermal  NDT  approach  utilizes  the  temperature  and  color  sensitivities  of  liquid  crystals"  and  Photo 
Chromic  dyes.  Applied  from  aqueous  solutions,  these  coatings  can  be  removed  by  solvents  or  simply  stripped  off. 

The  coated  part  is  heated  uniformly;  a defect  is  indicated  by  the  color  change  at  the  surface  fcoating)  arest  to  the 
defect  as  the  materials  heat  or  cool.  Because  this  method  is  based  on  thermal  flow,  defects  can  be  seen  during  heating 
as  well  as  during  cooling.  The  simplicity  and  low  cost  of  these  thermal  coaling  techniques  make  them  very  attractive. 

In  general,  thermal  methods  of  NDT  can  detect  only  separations  (gross*size  voids,  delanjinations  or  unbonded 
areas),  and  are  not  suitable  for  weakened  areas.  Defects  near  the  surface  are  more  readily  detected,  and  sensitivity 
decreases  as  part  thickness  increases. 


4.4.8  OTHER  NONDESTRUCTIVE  TEST  METHODS 

Those  methods  described  above  are  the  more  common  methods  being  u.sed  for  the  NDT  inspection  of  composites. 
In  addition  to  these  methods,  there  arc  a variety  of  other  approaches  for  NDT  of  composites  that  has  ' been  used  or  are 
still  under  development.  Many  of  these  methods  are  not  unique  to  composites  and  a detailed  discussion  will  not  be 
presented  here. 

Methods  for  detecting  surface  defects  include  liquid  penetrants  (fluorescent  and  dye);  strain  pages  to  measure 
dimensional  changes  oi  distortions  when  a load  is  applied  to  the  material;  strain-sensitive  “brittle”  coatings  to  indicate 
stress  distribution  over  the  surface  of  the  part  when  a load  is  applied;  and  photoelastic  stress  measurements.  This  latter 
technique  uses  a birefringent  plastic  coating  or  film  bonded  to  the  surface  of  the  material  being  evaluated.  Upon 
application  of  a load,  one  can  see  the  stress  distribution  by  noting  fringe  patterns  (changes  in  color)  in  the  coating 
under  polarized  light.  This  technique  has  been  used  to  delect  and  measure  the  effects  of  strength  reducing  factors  in 
filament  woi  nd  pressure  vessels. 

A recent  technique  developed  for  the  NDT  of  bonded  assemblies  is  differential  laser  holography.  This  techniqi  c 
provides  a means  for  precise  measurements  of  displacement  of  deformation  within  a structure.  Holography  is  basically 
a two  step  process  that  permits  the  reconstruction  of  three-dimensional  images.  In  holographic  NDT.  displacement  of 


I'ig  7 Scan  heating  technique 


the  structure  or  a portion  thereof  results  in  an  interferometric  fringe  pattern  that  depends  on  the  extent  of  the 
displacement,  and  can  be  visually  observed  or  recorded  on  film.  This  technique  is  reported  capable  of  being  able  to 
detect  surface  and  subsurface  cracks,  voids,  delaminations,  and  inclusions. 

Nuclear  resonance  lechniques  hold  some  promise  in  the  nondestructive  inspection  of  reinforced  plastic/composites. 
Nuclear  magnetic  resonance  (NMR)  and  nuclear  quadruple  resonance  <NQR)  an-  valuable  in  evaiuation  of  the  molecular 
structures  of  material  components  of  composites  to  define  and  measure  abnormal  conditions  and  structural  changes. 
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DETECTION  AND  MEASUREMENT  OF  CORROSION  »Y  NDI 


A.R.HdikI 


4.S.I  THE  SUBJECT  JORROSION 

Corrosion  is  the  breaking  down  of  a homogeneou'  nelal  into  (>xides  either  in  localized  areas  lor  a speeil'ie  reason  or 
generally  spread  over  the  surface  of  the  metal. 

The  factors  which  contribute  to  this  ilegeneration  in  dissimilar  parts  arc  the  introduction  of  an  cicctroh  te.  c.g. 
impure  water  and  the  formation  of  a circuit  in  the  particular  assembly.  The  chemical  action  at  the  faces  is  the  driving 
force  and  the  whole  process  is  self  generating  when  i'.  starts.  The  part  which  is  less  noble  becomes  the  anode  and  dissolve 
away. 

In  the  light  alloy  metals,  used  in  aircraft  structure  fabrication,  this  electrivchemical  action  occurs  easily  in  one  part 
because  the  supposed  hotnogeneous  material  used  to  make  it  is  in  itself  niaile  up  of  ihscrete  particles  and  as  in  the  case 
if  composite  parts  the  discrete  particles  can  locally  beconv'  the  start  points  of  corrosion  and  form  self  generating  areas. 

Differing  concentrations  of  the  electrol^  te  can  cause  different  attacks  of  corrosion  in  similar  areas. 


4,5,2  THE  PROBLEM 

When  corrosion  is  on  the  visible  side  of  aircraft  st,-ucture  it  can  be  idcntifierl,  and  removed.  I■stimates  of  the 
remaining  material  thickness  can  be  made  quite  quickly  -ind  repairs  and.^or  fitness  for  service  deemed  quickly. 

When  corrosion  takes  place  on  the  sides  of  aircraft  skins  which  are  not  visible  then  the  problem  can  assume  a 
greater  financial  and/or  safety  problem  than  is  obvious  when  the  onset  is  noticed,  i.e,  at  the  first  sign  of  corrosion  the 
concealed  area  could,  after  a very  e.spensive  strip,  be  classed  as  fit  for  further  service  or  without  an\-  sign  tor  a ver\' 
minute  sign)  could  be  found  to  be  in  a dangerous  condition. 

Background  to  Inspection 

With  all  the  best  will  in  the  world  it  would  Ik  quite  wrong  to  imagine  that  all  protective  paint  schemes  will  remain 
perfect  for  ever.  In  a structure  which  is  moving,  however  minimal,  wiislwit  by  condensation  and  sometimes  rubbed  In- 
debris  a good  protective  finish  is  bound  to  suffer  through  the  years. 

As  soon  as  a small  path  appears  the  electrolyte,  ready  to  form  the  final  factor  in  the  mechanism  of  corrosion,  will 
creep  along  it  and  start  the  corrosive  process  off.  The  primary  method  for  corrosion  detection  is  of  course  Visual 
examination  and  Inspectors  examine  the  visible  surfaces  for  the  symptoms.  They  look  fi>r  localised  discolouration, 
faint  powder  lines  or  pimples  on  the  paint  showing  that  underneath  the  paint  something  is  going  wrrmg.  .Also  they  are 
looking  for  paint  damage  which  thereby  leaves  the  metal  unprotected.  .Symptmus  are  investigated  and  action  taken  to 
open  up  suspected  areas  in  order  to  ensi:.e  that  the  reason  for  the  indication  is  revcaleil  and  any  corrosive  origins  are 
laid  bare  for  remedial  action.  All  areas  are  not  equally  prone  to  attack  because  ol  differing  conditions  in  some  areas  so 
there  are  more  particular  searches  in  certain  areas.  It  is  often  found  necessary  for  a v,irict\-  of  reasons  to  examine 
structure  by  extra  means  and  devices  ranging  from  the  simple  mirror  to  very  expensive  optical  viewing  aids  are  used  to 
look  in  dark  corners. 

Anything  about  an  aircraft  in  service  is  interlocking  when  you  find  a Haw:  how  significant  is  it,  how  long  have  you 
got  to  get  the  spares,  how  much  of  the  original  structure  can  you  save  by  thoroughly  cleaning  out  and  reprotecting.  can 
you  repair  or  must  you  order  a new  panel'.’  The  combinations  are  numerous  and  greater  accuracy  in  our  findings  means 
a longer  time  to  study  the  situation  coldly,  order  the  parts,  ami  bring  the  aircraft  in  before  the  situation  in  the  specified 
area  becomes  critical  financially  and  certainly  much,  much  earlier  than  any  technically  critical  slate.  .Around  fuselage 
cut-outs,  such  as  doors,  it  is  common  practice  to  reinforce  the  cut-out  with  doublers  bonded  to  the  skin.  Corrosion 
starts  up  in  the  surface  of  one  of  the  joined  plates  and  this,  of  course,  releases  the  bonding  film  and  in  siune  areas  a 
large  area  of  disbond  occurs  without  corresponding  tell-tale  signs  at  the  edge  of  the  doubler  or  bulging  ol  the  surface. 

It  is  therefore  most  important  to  examine  double  and  triple  joints  whether  there  are  any  visible  sit,ns  cr  not 

So,  although  lhe.se  practices  have  been  shown  to  give  satisfactory  service  in  the  past,  in  view  of  the  minute 
indications  of  concealed  corrosion  it  is  necessary  to  make  belter  inspections  and  be  sure  of  the  results.  Such  inspections 
are  done  by  the  use  of  applied  physics,  i.e.  NDI. 
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4 5?  THt  mt  VL  SOLUTION 

riu'  mcllunl  most  suilaMo  l>'t  llu'  oxaniiiiation  has  to  i.ikc  into  acsoimt  all  Tailors  anil  proiluic  answers  wliiih  will 
[H'rniil  lns|H'i'tion  aiul  IVsinn  IVrsonni'l  to  evaluate  the  situation  iorreill>  ami  proiluee  a solution  that  will  alio.  . the 
vile  operation  of  the  aiiiralt  in  an  I'lOnomieal  manner. 

4.5..?.  I History 

.■\s  the  NOI  methods  were  tried  out  in  seniee  it  was  possible  to  idenliTy  all  oT  the  Taetors  which  had  to  be  overcome 
in  the  best  solution. 

rite  Taetors  that  make  the  examination  oT  concealed  laces  diTTiculi  are  now  determined  to  be  as  Tollows: 

(a)  Paint  Tilms  oT  varying  ihick''ess  over  outer  laces. 

Ibl  C orrosion  products  entrapped  between  laces. 

(c)  Bonding  and  bonding  spew, 

(dl  Interlay  ing  and  scaling  compounds. 

(e)  Water  and  contaminants  in  corroded  areas. 


4.5.4  RKVIEW  OF  NDI  METHODS 

There  is  no  ideal  solution  at  the  moment  but  one  method  is  show  n to  be  oT  superior  potential  to  all  the  others  and 
g.’  c.,  better  and  consistent  results  at  this  time.  In  Tact.  Tor  most  general  assessments  oT  conditions,  it  can  be  classed  as 
adequate  Tor  the  purpose 


'.4.1  The  Evaluation 

Pt'iictnini  Tc'itiiig  was  considered  as  a means  Tor  delecting  the  \oids  or  paths  by  which  the  electrolyte  could  enter, 
lie  were  sure  that  the  path  was  di\  .md  clean  and  would  permit  the  penetrant  to  enter  it  is  obviously  visible  as  a path. 
IT  the  path  is  not  visible  ,ind  is  Tull  oT  electrolyte  the  penetrant  cannot  enter,  so  the  path  would  not  be  delected.  These 
contrary  ansvvers  show  that  this  is  no  valid  test. 

s.rdinary  Radionrupliv  has  only  ever  been  certain  oT  delecting  gross  corrosion  consequently  it  has  been  a pointer  to 
w-t'  the  structure  should  be  opened  up  to  clear  up  a corrosive  situation.  There  have  bee"  many  ideas  and  many 
pri  .es  on  this  sy  stem  but  it  still  remains  a fairly  coarse  filter.  It  can  be  used  Tor  certain  inspections  where  it  is  not 
possible  to  use  a more  sensitive  method. 

Neutron  Radiography  and  Colour  Radiography,  using  both  T'ilm  or  T.\’.,  were  discaided  Tor  expense,  time  and 
ge  n e ra  I i m p ra  c t i ca  b i I i t y . 

m parlicular  thermovision,  w.is  thought  to  hold  some  promise  but  tests  showed  that  the  heat 
absorption  in  thin  skins  w.is  insuTTicieni  to  give  a stable  picture. 

< llrjsniih  resonance  methods  and  tr.msmission  methods  were  tried.  The  first  mentioned  required  a llal  surlace 
away  from  thi  interrogating  face  .ind  corroded  surfaces  are,  ol  course,  not  llal.  The  latter  type  ol  test  required  that  the 
area  of  examination  be  immersed  in  water. 

The  pulse  echo  method  of  interrogation  of  one  skin  from  the  good  side  was  the  only  method  that  showed  promising 
results  but  unbmiunalely  it  ineasurcil  the  paint  and  gave  incorrect  answers  when  the  corrosion  products  and  or  a liquid 
vvii  present. 

Tull  reports  on  these  methods  are  shown  in  T.s.n. 

In  A.i/i/i  ( Hrrt'iii  testing  there  arc  a variety  of  way  s of  apply  ing  the  ihenomena  to  the  object  under  lest  1 he  right 
method  Tor  corrosion  detection  was  determined  to  be  in  relerencing  the  pi'.ise  of  the  eddy  currents  in  the  test  area. 
Tvalu.ilions  showed  that  all  of  the  factors,  that  inlerfciv  with  the  detection  of  corrosion  m Ihm  skins,  had  minor  eTTecIs 
''ll  the  inclhod  if  the  insiiumcnis  were  U'cil  correctly  . 

I lie  s,  .,em  me.isures  the  volume  ol  metal  under  the  mlluence  of  the  probe  so  must  be  considered  a quantitative 
svstem;  ncverthlcss.  by  a system  ol  plotting,  i;  is  found  that  certain  qualitative  results  can  be  obtained.  In  the  same 
way  multiple  skins  can  be  tested  .'Ul  there  is  a reduction  in  the  best  sensilivily  available. 

T.irly  detection  of  cuiice.iled  corrosion  by  this  nielhod  allows  inspecting  si, iTt  to  ni.iuil.nn  conirv'l  ol  .my  detective 
areas  wiihoul  Tear  that  the  corrosion  has  reached  a vlangerous  condition;  always,  proviiling  that  the  detectors  used  .irc 
'able  and  have  gooil  lilToTl  characlcrislics 


l ull  ri>p»»rt  in  4 5.5. 
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4.5.4, i ('imkHumoos 

I vliiy  ('iirrent  lltiiv  Sensitive  Detectors  give  readings  which  result  in  helter  evaluation  of  the  conditions  of  the  faces 
of  aircraft  skins  which  cannot  be  view  ,d  directly.  It  is  not  envisiiged  that  the  method  will  ever  Iv  accurate  to  the  same 
degree  in  all  situations  K'cause  it  is  already  clear  that  older  structures,  where  adjoining  faces  are  not  parallel,  because  of 
inconsistent  rivetting  practice,  only  give  results  of  a lower  sensitivity.  Nevertheless,  providing  that  the  instruments  are 
of  sound  design,  the  accuracy  of  the  method  is  much  better  than  anything  attained  hitherto. 

See4  5 7 

rite  methml  takes  lime  in  training  staff  in  the  accurate  use  of  the  instruments  atui  in  the  idiosyncrasies  of  individual 
structures,  but.  in  the  end,  gives  good  service  in  the  evaluation  of  aircraft  skin  comlition. 


See  4,5.8. 


.Mso,  in  certain  circumstances,  the  use  of  a combination  of  one  of  the  methods  described  in  4.5.('  and  the  liddy 
("urrent  I’hase  Sensitive  Detector  can  give  added  information  for  assessment  purposes. 


4.5,5  THt  PREFERRtD  METHOD 

.•\s  described  in  4,5.4  the  method  of  iMsjvection  which  gave  the  best  results  was  deemed  to  be  the  Phase  Sensitive 
I ddy  Current  Method. 

4.5.5. 1 Eddy  Currents 

.V  coil  is  cvcited  with  an  ,i.c.  current  and  when  it  is  placed  near  a metal  component,  eddv  airrenls  oscillate  in  the 
metal  at  close  provimity  to  the  coil  (probei.  Vnyihing  ilisturbing  the  eddy  currents.  'Uch  ,is  a crack,  is  detected 
clectricallv  .iiul  displayed  on  ,i  scale, 

riiese  currents  penetrate  into  the  metal  to  a depth  which  is  dependent  mi  lrei|uencv  ,ind  various  techiuques  were 
tried  out  to  determine  whether  a thickness  ch.iiige  cvndd  be  delected  b\  using  this  ivhcnomenon  It  was  proved  that 
there  was  ,i  phase  shill  and  ih.ii  it  coiiKI  be  djspl.neil.  In  use.  ,i  coil  close  to  the  skin  ’■  lelcren.wl  .ig.iinsl  one  .ibovc  it 
ti  e.  more  dist.ini  liom  the  skint;  w lien  the  lower  coil  passes  over  a thin  t corroded ) ,irea  the  phase  change  is  idem i lied. 

This  phase  shift  when  eleciroiiicallv  converted  into  ,i  sc.de  reading  was  lound  to  Iv  line.ir.  ih.il  is  ih.ii  vvhen  the 
probe  is  pl.iced  v"er  ,i  gi'od  piece  ol  in.ilcrial  .iiul  tiK  meter  .idiusicd  to  .'ero  .iiul  with  the  probe  placed  over  a picsc  of 
material  which  is  It)  thinner  ,iiid  the  needle  adjusted  to  the  masimuin  position  on  the  sc.ilc,  the  other  pi'sitioiis  on  the 
scale  were  relative  to  internieili.ilc  b'sscs  of  niaierial 

History 

Investigation  vv.o  carrieil  out  ,is  to  the  suii.ibiliiv  ol  cvlily  current  leclinuiues  for  the  detection  of  corrosion  bene.it'i 
aircraft  skin  p.incK 

I'he  first  test  w,is  to  csainine  whether  the  method  wasalde  to  vicicci  loss  vilsl.idding  from  the  underside  of  skin 
panels,  this  cl.uUling  hiss  represents  5'.  thickness  reduction.  I he  priiu.iiv  trials  carried  out  showed  that  a phase  sensinvc 
edily  current  Iccbniiiue  w.is  suit.ihle  for  detecting  thickness  reduction'  oi  this  amount,  experimental  results  having 
actuallv  detecteil  a ’ ■ thickness  hiss. 

.\lter  the  first  production  insiruntcni  came  inti>  use.  the  iuciIuhI  was  lound  to  be  capable  ol  detecting  corrosion 
as  little  .IS  0.5  in  ala  min  iiini  .illoy  panels  t roll!  2 ’ S\V(  i to  14  .S\\(  i provided  that  the  area  was  greater  than  that  ol  the 
probe  cross  section  esser  .ire.is  could  also  be  biiiiul  but  with  lower  sensitivity.  It  was  .dso  touiul  capable  of  ilelecting 
corrosion  between  two  panel-,  with  the  same  seiisiiivitv  pr.ividcvl  Ih.ii  the  pinels  were  e.ich  thicker  than  IS  S\V(i.  Ihinner 
panels  g.oe  spurious  iiulicaiions  due  to  buckling,  but  this  prolilem  was  overcome  by  lechninue  improvements. 

Accur.iie  corrosion  depth  measiirenieni  w.is  found  to  be  awkw.irvi  to  achieve  but  the  instrument  still  gave  viable 
result-.  If  the  inslrumcnl  indic.ites  s.iy  I . corrosion  it  could  be  I ovci  a large  are.i  or  20  over  a very  small  are.i.  It  is 
rc.illy  indic.iting  the  volume  of  the  missing  niet.il.  but  I'v  approaching  corroded  areas  using  dilfereni  teclmiiiues  the  test 
engineers  were  able  to  estimate  depth  ,iiul  area.  I he  instrument  vvas  live  limes  nuvre  sensitive  to  corrosion  than  to  rolling 
tolerance ; lilt-ol  I compensation  w.is  such,  that  ,i  v, in. it  ion  in  paint  thickness  ol  0.2  inni  causeil  lU'  loss  in  sensitivity.  I he 
inslrumcnl  worked  eipiallv  well  on  mains  .iiul  internal  batterv 

I he  Use  ot  I dily  ( urrent  1‘li.ise  .Sensitive  Detectors  fivr  corrosion  ilelection  was  shown  to  be  quite  accurate  in  its 
estimation  ot  the  volume  ot  metal  under  the  probe  With  careful  .issossinent  v'l  results  ,md  with  experience  in  the  use  ol 
the  system,  better  evaluation  ot  the  condition  ol  aircrafi  skins  was  decineil  to  be  (vossible. 


4.S.5.2  Um  in  Senricc  Single  Skim 


In  \orvKv  iis«?  Ihc  metluHl  pcrlorim'il  in  the  manner  pretli-.leil  aiul  tire  reiullx  obt.<'netl  tlmnighout  Ihrcv  year^  were 
UM.*ti  to  priHlticc  grapht.  which  arv  of  practical  use  a\  expiaineil  herein 


IlhcuMion 


The  extinratiun  of  comnion  ilepth  on  a xmgle  skin  i\  not  straight torwarri  hecauM  the  irreter  indicatnsn  is  a function 
of  both  depth  and  area  If  the  corrosion  is  evenly  distributed  over  an  area  greater  than  that  of  the  probe  cToss-section 
then  the  method  can  be  quite  accurate  even  when  measuring  c-orrosion  as  little  as  I . see  Figure  1 Smaller  areas  can. 
however.  intivHluce  considerable  errors  as  shown  in  I'igure  2 where  it  can  be  seen  that  at  2 Kll*  the  accuracy  starts  to  fall 
before  the  corroded  area  was  lediK'ed  to  the  si/e  of  the  probe  t lb  mm) 

These  errors  can  be  rediKed  by  using  a higher  frequency  as  shown  by  ihe  *'  Kll*  and  I KHr  curves  in  Figure  2 
The  upper  le"'’  frequency  is  limited  by  the  skin  thickness 

Operatiuu 

The  way  to  estimate  the  depth  of  large  evenly  corrcnled  areas  is  to  note  Ihe  maximum  change  in  meter  reading  as  the 
probe  (vasscs  over  Ihe  suspect  area.  This  reading  is  converted  into  depth  using  a graph  like  Figure  I . 

1 he  measurement  of  small  areas  or  pits  is  carried  out  by  a different  technique.  This  is  to  traverse  Ihe  suspect  area 
and  increase  Ihe  frequency  to  each  traveisc  until  Ihe  defect  indication  reverses  on  the  meter  This  frequency  can  be 
oniverlt..*  into  corrosion  depth  using  a graph  similar  to  Ihe  one  shown  as  Figure  > This  iek.linique  gives  depth  c'stimalions 
which  are  within  I0'<'  of  actual  depth  of  corrosion. 

ftiaplis  must  be  made  up  fo.  i..ich  instrument  probe  panel  combination  and  are  simple  to  produce  The  graphs 
shown  in  Figures  1 and  .f  are  prmluced  by  accurately  milling  the  material  in  areas  giealer  than  Ihe  probe  si/e  and  then 
taking  a series  of  readings  using  a fvarl  cular  probe;  repeal  for  other  proK's.  Fhe  graph  shown  in  Figure  2 is  priHluced  by 
accurately  milling  different  diameter  areas  of  constant  oepih  and  taking  a series  of  readings. 

ronclusiun 

The  melhovi  is  capable  ol  delecting  corrosion  of  I on  single  skin  panels  provided  that  Ihe  corroded  area  is  greater 
than  Ihe  diameter  of  the  probe.  With  care  gvHHl  estimates  of  small  areas  ol  corrosion  can  be  made 

Use  in  Serviesf  Multiple  Likins 

Ouring  the  use  of  the  msirumeni  on  aircraft,  appraisal  of  results  on  multiple  skins  was  maintained  and  a variety  ot 
Ic’sis  conducted  under  laboratory  conditions.  Fhese  results  were  used  to  produce  gr.iphs  and  these  graphs  pr.wed  that  Ihe 
Use  ol  Ihe  methi'd  had  greater  potenti.il  on  multiple  skins  than  expected. 

Discussion 

.Xircralt  skins  arc  assembled  in  .i  variety  ol  ways  and  any  relereiKe  to  single,  double  or  imilltple  skins  are  to 
eombinatioiis  of  skins  as  depleted  in  Figure  4 

Double  skins  make  corrosuvn  measurement  more  difficult  because  the  mcici  lUvhc.ition  is  .iKo  a function  ol  skin 
separation.  When  eivrrosion  oeeurs.  the  skins  arc  forced  apart  because  the  volume  ol  the  corii>sii>n  prinlucls  is  greater 
than  the  mei.il  they  replace.  I ven  under  conditions  of  no  corrosion,  the  separation  is  not  constant  Fortunately  there  is 
a Ircqucncy  at  which  the  effect  vvf  this  is  negligible  Figure  > shows  the  effect  of  using  this  iicvpicncy  comixarcd  with  two 
Ircquencies.  one  loo  high  and  Ihe  other  loo  low  \t  ’ Kll/  Ihe  melei  iiuhcali'm  will  be  due  to  the  combined  cliccts  ot 
corrosion  and  sctxiration.  .\t  2(i  Kll/  it  will  Iv  due  to  the  clfcct  of  corrc'uon  less  the  clfcct  of  scp.ir.ilion  and  il  I Kll/ 
it  will  be  due  to  the  cllccl  of  corrosion  only  (sec  Figure  M.  Svv,  the  technique  .vu  muliiple  skins  is  to  use  ilie  lower 
frequencies  and  m suspect  areas  use  Ihe  opimmm  frequency  to  measure  the  corrosion  icmcinbcring  llul  vlh  skins  may 
li.ivc  to  be  accessible  1 ach  optimum  frequency  depends  on  Ihc  conductivity  .ind  noimn.il  thickness  ol  the  nc.ii  skin  in 
each  case,  and  is  also  .i  function  of  the  probe 

riic  method  of  inspecting  tlic  outer  skins  in  a multiple  situation  is  the  viine  .is  lor  ilouble  skins,  it  only  tile  outer 
skins  are  lo  bc‘  measured  .iccur.iiely  ShouM  'le  skm  furllier  fic>m  Ihe  probe  have  lo  be  tested  Irom  ihe  iieai  'Ule,  .i 
frequency  should  Iv  selected  which  will  pen  .talc  all  skins  In  ihis  case,  due  lo  ihc  jmssiblc  v.irying  gap  .it  the  micri.icc, 
one  could  only  cspcct  .in  ovcrrc.ul  of  corrosion  of  as  much  as  UK)  In  ihc  imilliplc  skin  Nilii.ilion  one  coulil  expect  .i.i 
overread  ot  1 ,x  to  UK)  on  the  mspcclion  of  a middle  skm. 

In  ;ill  combinations  ol  skins  the  particular  set  up  sliouKI  be  reproduced  so  that  the  opiiimim  liequeney  can  be 
dcicrniined  and  the  cspccicil  sensitivity  proven  to  be  (mwible 
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Proviiiii'.g  a tost  is  mailo  up  whiilt  is  representative-  ot'  tiie  area  to  be  tested  and  the  optimum  I'requensy  and 
sensitivity  is  selected  to  suit  the  inspceiion  requirements  it  is  possible  to  examine  multiple  skins  to  varying  degrees  ol 
aeeuraey. 


4.5  6 NOTES  ON  OTHER  METHODS 

rile  other  methods  which  were  thought  to  have  the  potential  to  test  aircraft  skin  panels  are  described  herein;  they 
failed  certain  tests.  To  assist  inspection  staft,  the  inherent  problems  particular  to  such  methods  are  e.xplained  in  this 
chapter  and,  provided  thsir  failings  are  notetl,  may  assist  in  s<>me  corrosion  assessments. 

4.5.6. 1 Radiography 

Radiography  has  been  used  to  survey  skins  for  corrosion  for  some  years. 

Radiographic  Method 

Radiography  is  actually  radiation  striking  a film  or  other  recording  mediu  n after  passing  through  an  object.  The 
radiation  is  modified  by  ihe  object  aiul  the  \arying  shape  ol  the  object  causes  changes  iti  the  quantity  of  radiation  passing 
through  the  object . I he  film  etc.  recorils  the  varying  '.|uantities  of  radiation  by  corresponding  vary  -ng  densities  oti  its 
siiiface. 

It  can  be  seen  thus,  that  the  loss  of  metal  in  a corrosion  pit  on  a skin  will  allow  more  radiation  to  pass  to  the  lllni. 
causing  an  area  of  increased  density  on  the  film,  which  slioulil  be  visible  to  the  radiologist. 

History 

When  radiography  was  first  started  on  aircraft  the  determination  of  corrosion  was  not  considered  lo  be  possible,  but 
the  inttiKkiction  of  low  kilovoltage  radiography  allowed  a certain  amount  of  sticcess  by  NDE  staff  in  some  areas. 
Ihifortunately,  this  success  plus  outside  pressure  to  enlarge  the  scope  further  has  brought  the  use  of  the  method  into 
disrepute  with  sottte  engineers,  I’rimariK  such  disrepute  is  because  these  people  consider  the  method  by  measuring 
specific  I bad  I results  instead  of  total  performance  and  they  certainly  do  not  fully  appreciate  the  physical  probletns  that 
exist  in  the  process. 

4,V'i  1.2  Steps  in  the  Method 

Radiation  (juantity  converted  b\  object  to  varying  quantity  at  film. 

Radiation  at  tilin  converted  to  latent  image  in  film, 
l atent  image  in  filtn  converted  into  visible  halides  by  chemistry  . 

Visible  halides  on  film  converted  to  visible  image  by  light  transmission. 

Visible  image  on  film  converted  to  words  by  radiologists. 

l ieu  w ith  these  conversions  it  is  possible  to  see  a 2'  variation  in  obiect  thickness  and  this  is  termed  the  sensitivity 
ol  the  exposure.  In  Ihe  case  of  an  aircraft  siructure  there  are  several  items  that  are  interposed  in  the  line  of  radiation 
,iiul  these  items  arc  the  cause  of  Ihe  b,.d  performances  of  the  method  and  the  consequent  disrepute. 

4 2 0 I .'  h’terterenees  to  liiidiography 

All  materials  absorb  radiation  lo  vary  ing  degrees  and  they  can  usually  be  seen  on  the  radiograph  if  they  .ire  in  the 
line  ol  radiation.  I 'urlher  if  such  niateri  iK  h.ive  high  .ibsorplion  rales  they  seriously  interfere  with  the  radiography. 

r,iint 


I xlcrnal  I'ainl  may  lend  lo  run  down  lo  the  .ire.i  under  examination  giving  differential  absorption  .it  ch.inges  ol 
thickness.  Internal  |xnnt  c.in  be  ol  v.iiying  gr.ides  .ind  thickness  with  the  same  r-'siill. 

Sen  I Lint 

1 his  is  .ip|)licd  in  ihc  lorni  ol  .i  be. id  .it  Ihe  junction  of  Ihe  stimger  .ind  skin,  fhis  is  the  point  where  there  is  not 
only  .1  cli.ingc  ol  density  because  ol  Ihe  cli.inge  in  thickness  of  metal  bin  the  l.icouritc  si.irling  point  of  corrosion. 
Se.il.ints  .ibsoi  b ,i  lot  ol  i .uh.ili on  ,nul  I Inokol  is  i he  worst  scal.ml  in  this  respect 


(lO? 


In  ter  I a ring  ( ,»»i  iniuh 

riiose  have  a little  etTeet  by  their  absorption  but  are  not  of  great  sipnilkaiiee  as  the^  teiul  to  be  well  sipiee/eil  out. 


Din 


There  are  sometimes  areas  of  paitit  (usually  where  the  paint  seheme  has  been  patelieil ) whieh  have  hail  ilirt  swept  on 
to  it  when  taeky  anil  this  gives  some  interferenee  to  the  railiation.  with  resulting  loss  ol  sensiii\it> . 

i 'iirrnsioii  /Vi ></;/< 7,v 

In  the  e.'ise  of  eorrosion  pits  in  open  or  box  strneture,  the  proiluets  ol  the  eorrosion  proeess  fall  out  of  the  eentre 
anil  the  ring  of  nroiluets  on  the  eilge  enliLinee  the  ileleetii>n  ol  the  pit. 

In  the  ease  of  eorrosion  Irappeil  between  surfaees,  the  eorrosion  proiluets  anil  the  gooil  metal  ollei  the  same 
absorption  to  railiation  it  there  has  been  no  movement  of  the  proiluets  ami  there  are  times  when  nothing  is  visible  on  the 
film  tosignily  tiial  eorrosion  is  present, 

ll'(/f(T  nr  Other  l.iiitiid 

1 hese  generally  have  the  same  elfeet  as  ol  overlaying  another  pieee  ol  meial  ov  er  the  \v  hole  area,  therebv’  reiluelne 
the  sensitivity. 


liniuliiii;  Sfu'w 

This  is  by  lar  the  worst  item  in  the  list  of  offeiulers.  in  that  the  holes  in  this  rough  material  have  raggeil  edges  and 
when  viewed  with  other  interposing  faelors  have  a very  similar  appearanee  to  eonosioii  pits 

l 'l>hnl.slcr\  tlllj  Snliihlpronliilf! 

I hese  Items  are  normally  in  areas  where  d,. l eie  fall  away  and.  although  there  is  a minor  loss  ol  sensiiiv  ity , 
eorrosion  is  usually  detestable.  1 ead  Vynil,  when  introdueeil,  eomplitely  eliminates  any  pos>,ible  radiography . 

.'Ml  the  items  mentioned  above  have  the  effeet  of  tnaking  v ievvmg  and  inter|iretai  ion  diilieuli  for  the  radiologist. 

-/..s  n 1.4  Mat  he  mat  kill  ('oiiskieratinn  nl  liilerpn'iiii!'  Striieliire 

If  we  eonsiiler  a pieee  of  smieture  mathematieally,  as  per  l igure  we  liiul  ih;  t in  the  lase  of  a skin  supported  by 
other  strneture,  whieh  is  four  times  thiekei . a 4'  sensitivity  e;;n  aetually  repieseiii  a deleel  si/e  vv'lueh  eorresponds  to 
20'  i of  the  outer  thiekness,  I ven  when  the  strueture  behiiul  is  ei|ua!  in  thiekness  to  the  skin;  I igure  S demonstrates 
that  the  4'i  sensitivity  ean  represent  10' of  tin  outer  skin. 

4..rn. /..s  Siiiiiinarv 

.\ll  ot  the  faets  may.  or  nuy  not,  be  (iresent  and  the  ir.ieipretation  o'  the  radiogi.iphs  ean  present  a deeision 
problem  lor  the  radiologist. 


A taint  indieation  with  a raggeil  edge  ean  mean  severe  eoriosion  being  . oneealed  by  iiilerlerenee.  very  light  eiurosion 
or  lust  a hole  in  Reilux  or  paint 

All  in  all.  there  are  more  things  interfering  with  the  radiologist  than  hel|ving  him.  hut  considering  these  I'lobleiiis 
there  has  been  considerable  financial  advantage  in  the  use  ol  the  method  to  dale.  It  can  still  be  used  to  great  efieci  in 
many  areas,  but  in  the  lower  half  ol  the  fuselage  where  these  inleri  . lence  items  abound,  one  can  onlv  expect  some 
degree  of  error. 

4 ,s,  /)/./)  ( niii  lie<kin 

.Although  corrosion  ean  be  detecied  on  the  inside  l.iees  of  an  open  box  sti  uelure,  it  must  not  he  assumed  th.il  ,i 
similar  loss  of  metal  is  easily  detected  in  any  structure. 

fhe  items  that  eontrdnite  most  to  ladiological  errois  are  alw.iys  (iresenl  in  certain  areas  le.g.  lower  fusel. igel  .mil 
improvement  in  perloiinaiiee  is  mosi  unlikely. 

4, 5. 6, 2 nicrmovisiun 

History 

In  recent  years  I hermography  has  lUccessl ully  been  applied  in  Medical  Rese.iii  h,  fault  detection  in  power  lines  .mil 
in  Ik  at  distribution  m steel  manulact  uring  ei|uipment- 


CONSICEH  SECTION  SHO^J,  THICKNES5  - 100 

RADIOOHinnC  SENSITIVITY  - 45  (4  USITSA 

BDT  IP  THESE  POUR  TKITS  ARE:  TOTALLY  IN  THE  T .-EHTY  UNIT  THICKNESS,  THE; 
SAME  DEFECT  BECOICES  205'  OF  TICS  ONE  SKIN  'VHICH  MEANS  THAT  RADIOOR.\nT' 
CAN  ONLY  BE  CUSSED  AS  A ROUGH  POINTER  TO  THE  CORROSION  STATE  OF  THE 
JOINT  IN  THIS  CASE. 

Fig. 7 Radiographic  sensitivity  thin  skin  thick  stringers 


TOTAL  JOINT  SINOIE  SKIN 


DEFECT  SENSITIVITY  REUTIVE  TO  TOTAL  JCIEfT  AND  SINGU:  SKIN 
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It  was  proposed  that  Thermographic  techniques  could  also  be  used  in  the  detection  of  corrosion  on  aircraft 
structures.  The  proposal  was  based  on  the  idea  that  with  the  provision  of  a suitable  heating  method,  a reduction  in 
thickness,  or  void,  would  result  in  a distinctive  thermal  distribution  on  the  surface  of  the  structure,  which  could  be 
detected  by  a Thernal-Vision  Camera. 

TItree  methods  of  heating  the  specimens  were  tried: 

( 1 ) Infra-red  and  photo  Hood  lamps, 

{!)  Hot  air. 

(3)  Meat  soaking  in  an  oven. 

As  the  camera  detects  the  intensity  of  infra-red  radiation  which  depends  not  only  on  the  temperature,  but  also  the 
emissivity  of  the  specimen  it  was  found  necessary  to  ensure  a uniform  surface  emissivity.  Covering  the  surface  of  a 
specimen  with  a material  which  would  ensure  uniform  emissivity  was  barely  possible  in  the  laboratory  and  is  considered 
to  be  totally  prohibitive  on  service  aircraft. 

Conclusion 

The  tests  were  not  as  successful  as  had  been  hoped  because  definite  patterns  of  heat  cycling  could  tiot  be  repeated 
to  give  similar  ittdications,  also  notte  of  the  heating  methods  would  give  uniform  heating,  which  is  essential. 

4.5. 6. 3 Ultrasonics 

High  frequency  sound  waves  have  been  used  to  probe  metal  for  defects  for  some  years;  the  s;tme  phenomena  have 
also  been  utilised  to  gauge  the  thicknesses  of  ntilled  sheets. 

Ultrasonic  Method 

A crystal  excited  b>-  meatts  of  an  electric  current,  rapidly  expands  and  contracts  sending  sound  waves  through  the 
metal  and  the  relative  time  of  return  of  the  m)uiuI  show",  the  rela'ive  tliickness  of  gtrod  metal. 

History 

The  display  of  the  returned  sign.il  wsis  usually  on  a Cathode  Ray  Tube  and  the  speed  of  the  tubes  in  use  precludes 
use  on  thin  light  alloy  skins.  I quipmcnt  with  a fast  iligital  display  had  the  potential  to  iletect  thickness  ol  thin  skins  so 
it  was  tested. 

The  tests  were  tlivided  into  two  series:  those  designed  to  check  the  accuracy  of  the  instrument  against  the  machined 
calibrated  panels,  and  those  designed  to  check  the  cflect  on  the  ii  .trument  of  dinible  layeis,  actual  corrosion,  corrosion 
products  and  moisture. 

.\  s.'imple  of  unin.ichincil  sheet  J‘*.,s  mil.  thick  consistently  gave  a re.iding  of  31’. 0 tan  error  ol'  S..s I,  but  on 
machined  panels  the  accuracy  of  the  Instrument  was  good  with  an  error  of  not  more  th.m  0.1  mm.  .As  a check  of  the 
instrument’s  sensitivitv  to  area  change,  a number  of  different  diameter  steps  were  machined  to  the  same  depth  in  skins, 
rile  diameter  varied  from  31 .23  mm  down  to  <>.23  mm  and  the  instrument  g.ive  correct  depth  'e.iilings  tor  all  diameters 
without  difficulty. 

Spurious  Effects 

flic  result  of  the  tests  im  p.nicN  eonlaining  actual  corrod.ed  areas  were  not  so  encouragiiig.  I he  readings  obtained 
for  the  test  panels  were  optimistic,  the  error  being  as  higii  as  v>.25  - and  21’  : . I'hese  panels  were  measured  with  the 
corrosion  products  left  undisturbed  to  simulate  actual  aircraft  conditions,  aiul  it  is  probable  that  these  corrosion  protiucts, 
being  well  ci>upled  to  the  aluminium,  gave  extra  transmission  to  the  ultrasonic  pulse.  This  w,is  borne  out  In  adthtio  ' 
reatlings  maile  on  one  panel  with  the  same  eoirodcrl  .ireas  moistened  with  water.  I his  teiulei.1  to  inciease  the  rc.klings 
still  further  and  similar  effects  were  noteil  with  oil  ami  fresh  jvnntmg  compound. 

It  was  also  found  that  at  the  edges  of  some  eorrodal  aieas  readings  as  high  as  SO.ii  tilrv ) aiul  S2.‘*  twet ) were 
obtained,  although  the  uncorrodetl  thickness  ol  this  panel  was  only  ’'),,3  mils.  .Again,  this  eltect  is  prob.ibly  dtie  to  the 
presence  of  corrosion  products  outside  the  .ictu.il  corroded  area. 

The  test  on  a panel  did  not  indicate  corrosion  ,it  two  areas  where  it  was  known  to  be  present.  In  bict  one  .irc.i  g,oc 
an  indication  of  incre.ised  panel  thickness  llowevei.  on  visual  examination  of  the  corrosion  .liter  sep.ii.iting  the  panel 
from  the  stringer,  it  vvas  lound  to  be  verv  slight  less  than  I'  . Similar  spurious  iiulications  were  obt.iincd  with  ,i 
Redux-bondetl  panel.  Readings  \howing  up  li>  l).l)s  nun  ileep  corrosion  in  sever.il  are.is  between  skin  ,iiul  stimgei  wcic 
not  borne  out  In  cxamin.ition. 


hO« 

Cunclusion 

TIk'  systom  is  exireincly  accurate  (providing  care  has  been  taken  with  initial  calibration)  lor  determining  the 
thickness  of  material  with  clean,  dry  and  parallel  surfaces.  It  is  evident  however,  that  the  effects  resulting  from  the 
presence  of  contaminants  such  as  corrosion  products  and/or  moisture  make  this  instrument  unsuitable  for  the  purpose 
of  the  detection  of  corrosion  on  aircraft  skin  panels.  N.B.  One  must  also  allow  for  varying  added  thickness  of  external 
painting. 


4.5.7  THE  SELECTION  AND  TESTING  OF  EDDY  CURRENT  PHASE  SENSITIVE  DETECIORS 

Phase  Sensitive  IX'tectors  could  have  inbuilt  faults  affecting  accuracy  and  in  order  to  determine  the  freedom  of  the 
instrument  from  such  inaccuracies  certain  tests  have  been  devised  and  are  laid  out  herein. 

4.5.7. 1 Diseavsiun 

There  are  varying  paint  thickne.sses  on  skin  surfaces  and  these  arc  not  obvious  to  the  Inspector.  The  paint  which  is 
in  contact  with  the  probe  “lifts  off“  the  probe  from  the  metal  and  consequently  any  lift-off  compensation  in  the 
instrument  which  interferes  too  much  with  the  sensitivity  is  dangerous  every  time  the  paint  thickness  changes, 

In  evaluating  some  instruments  it  has  been  found  that  sensitivity  can  drop  to  zero  with  the  introduction  of  as  little 
as  a too  micron  gap  (lift-off)  between  the  probe  and  the  metal  surface.  The  lift-off  results  from  a good  instrument  have 
been  plotted  on  Figure  d and  it  can  he  seen  that  the  sensitivity  is  not  affected  by  reasonable  changes  in  lift-off. 

So,  when  the  litt-off  compensation  has  been  set  the  introduction  of  paint  should  not  affect  the  zero. 

If  the  instrument  has  a tendency  to  drift  it  wdl  not  consistently  give  a correct  zero  and  without  continual  checking 
and  rechecking  the  settings  would  thus  not  give  accurate  measurements  of  corrosion. 

rite  instrument  siunild  be  clearly  indicative  of  changes  in  thickness  of  all  the  particular  skins  required  to  be  tested. 
Testing  the  instrument  for  a particular  sensitivity  at  one  thickness  of  skin  is  not  indicative  of  its  performance  across  all 
frequencies  and  metal  thicknesses. 

If  critical  inspection  of  metal  to  metal  joints  have  to  be  done  the  instrument  should  be  capable  of  measuring  the 
thickness  of  the  near  skin  b\  selecting  the  optimum  frequency.  If  the  optimum  frequenev  cannot  be  selected  there  must 
be  a fall-off  in  accuracy  because  the  readings  will  be  affected  by  the  farther  skin.  The  varying  gap  between  the  skins 
varies  the  interference  ftom  the  other  skin  hence  there  are  unknown  changes  in  sensitivity,  i.e.  accuracy. 

Tests  to  evaluate  an  instrument  are  tabulated  below. 


4..S.7.: 

Tests 

(I ) 

lift-off 

la) 

-Set  up  instrument  to  makers  instructions. 

(b) 

.\pplv  prolie  to  unpainted  skin  specimen  of  specific  thickness  and  obtain  zero  meter  re.i  iU'o. 

(c) 

.\ppls  probe  to  unpainted  skin  area  It)'  - thinner  than  specifie  thickness  and  obtain  full  scale 
meter  reailing 

Id) 

•Apply  probe  to  lirst  .irea  of  test  (bi  interposing  a non-metallic  film  of  .X)0  mierons  thick. 
Zero  should  not  be  .iffeeted. 

le) 

Apply  probe  to  second  area  i>f  test  (cl  interposin-.  ihe  non-metallie  film.  The  meter  reading 
shouUI  be  .It  least  ‘)5'.  full  scale  dcneclion. 

(2) 

Drill 

If) 

Set  up  instrtunent  to  makers  instructions. 

tgl 

Apply  probe  to  .ireas  of  lest  .uul  obtain  rcailings  as  per  (Ir)  and  tel. 

ihi 

1 .IV  probe  on  non-metalhe  siirlace  and  Ic.oe  instrument  switched  on  foi  .’0  minutes. 

III 

\ppl>  probe  to  the  .ireas  ol  test  and  cheek  for  readings, is  in  tgl.  Ihe  .illei.itions  to  the 
re.idii'igs  should  not  be  nune  than  2 • lull  scale  deflection  on  the  meler. 

I.M 

SensitiMlv 

III 

■Set  up  instrument  lo  m.ikers  instructions. 

Ik  1 

\ppl\  probe  to  areas  of  test  as  m ibi  and  (cl  v'u  all  thicknesses  ol  metal  to  be  tested, 
■Accuracy  shoiihl  be  within  I ■ on  all  Ihe  specimens. 

(4) 

Hatters 
1 lie 

III 

Set  up  instrtiincnt  as  per  (fl.  tgl.  anil  (hi  leave  lor  <■  hours  and  test  battery  Icvci.  Battery 
level  indicator  should  show  that  the  baltcrv  power  is  above  the  minimum  usable  level. 

4.5.8  TEST  PROCEDURES  USING  EDDY  CURRENT  PHASE  SENSITIVE  DETECTORS 


The  testing  of  aircraft  skins  with  the  Phase  Sensitive  Detectors  can  be  carried  out  using  tlte  inanulacturers 
instructions  providing, 

(a)  the  instrument  has  been  accepted  under  the  test  requirements  in  4..S.7. 

(b)  the  particular  material  and  combination  of  specimens  has  been  tested  to  prove  the  sensitivity  of  the  method 
and  the  necessary  graphs  have  been  evolved. 

to  the  sensitivity  of  the  methwl  matches  the  sensitivity  required  by  the  stress  engineers  for  the  area  under  test, 
td)  due  care  is  taken  to  observe  and  investigate  odd  results. 
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Acceptance 

criteria  ( 1 .4)  p.58 

AcoutHc  emiiiion  {1.2)  p.l  I*):  (3.7)  p.38<) 
amplitude  (3.7)  p.3*>l 
application  (^.2)  p.l20 
burst  (2.2)  p,l  20 
continuous  (3,7)  p,390 
correlation,  extent  of  crackinft  (3.7)  p.4l6 
correlation  of  A. I',  and  ductility  of 
material  (2.2)  p.l  20 
correlation  with  size  of  crack  and  crack 
prowth  rate  (3.7)  p.43ft 
c-ount  (3.7)  p,391 
definition  (3.7)  p.38'J 

differ  from  other  NDI  technique  (3,7)  p.38** 

dislocation  (3,7)  p .tS** 

electrical  disturbances  (3  7)  p.440 

emission  source  location  (2.2)  p.  120 

extraneous  noise  (3,7)  p 428.  p,^40 

in  weld  (3.7)  p,413 

Kaia?r  effect  (2,2)  p,120.  (3  7)  p.3‘X) 

precursor  of  plane  strain  instability 

(3.7)  p.424 
rate  (3,7)  p.391 
system  (3.7)  p.408 

theoretical  and  experimental  limitations 

(3.7)  p.435 

white  noise  (3.7)  p,440 

Acoustical  and  ultrasonical  (3.b)  p.333 
acoustic  impedance  (2.2)  p.  12b 
coin  tapping  (2.2)  p.l  14 
methods  (2.2)  p.l  13 

Adhesives,  type  of  (4.3)  p,532 

Austenite 

residual,  x ray  diffraction  (3.4)  p,273 

Beta-ray 

backscatter  method  (for  thickness  of 
coatings  measurements)  (2,2)  p.l 04 

Blister  ( 1 .4)  p.b8 

Bond 

bonding  spew  (4.5)  p.bOS 
disbond,  corrosion  (4.5)  p.5‘)5 
Fokker.  tester  (2.2)  p.l  18;  (4.3)  p.555; 

(4.4)  p,587 

harmonic  tester  (4.3)  p.56J 
strength  in  composites  (4.4)  p.58 1 

Bonded  structures 

acceptance  criteria  (4,3)  p.571 
flaw  in  (4.3)  p.540 

inspection  methods  (4.3)  p.545;  (3.6)  p.345 
inspection  processes  during  manufacturing 
(4,3)  p 545 

metal  to  metal  (4.3)  p.531 
sandwich  (4.3)  p.531 

Bubble  air  ( 1 .4)  p 68 


Burned  ( I 4)  p.68 

Bunt  ( I 4)  p.62.  p.64 

Calibration  blocks  ( 1 .4)  p.7n 

Carbon  ( 1 .4)  p.62 

Carburizing  (4  I)  p 470 

Castingi  < 1.4)  p.62 

Oramic  ( 1 ,4)  p.62 

Char.ctcfization 

of  materials  ( 1 .4)  p.58 
of  materials  defect  1 1.4)  p.5*> 

Chip  ( 1 ,4)  p.bl 

Cleavage  (1.2)  p 14 

Cold  shuts  ( 1 .4)  p,60.  p.o2 

Composite  il.4)  p.63;  i4,4)  p.58l 

available  NOI  technii)ue  (4.4)  p,583 

defects  common  to  ( 1.4)  p.68;  (4.4)  p.582 

interface  (4,4)  p,584 

laminate  (4.4)  p.583 

observed  defects  in  (4.4)  p.58 1 

product  quality  in  (4.4)  p.58l 

surface  naws  (4.4)  p.582 

testing  of  structures,  liquid  crystal  (3.8)  p.452 

Compton  scattering  *3.5)  p.300 

Conductivity  (3  8)  p.452 

Contaminants,  corrxrded  area  (4.5)  p.5% 

Contamination.  Fokker-VFW  tester  (2.2)  p.  12'^ 

Contrast  (3.3)  p.250 

radiographic  and  thickness  sensitivity  in 
gammagraphy  (.'•  p,303 

Core  ( 1 4»  p.6'’ 

honeycomb  (4.3)  p.532,  p.535 

Corona  uiKharge  (4  4)  p.SS*) 

Correlation  (2.1)  p.85 

Corrosion  ( 1.4)  p.l4,  (4.5)  p.5‘)5 
cone'ealed  area  (4.5)  p,5*l5 
degeneration,  electrolyte  (4,5)  p.5')5 
detection  by  F.C.  (3.2)  p.2l7;  (4,5)  p.5l' 
detection  in  sandwich  structure  (4.3)  p.552 
multiple  echo  with,  wall  thickness  (3,6)  p.333 
NDI.  review  methods  (4.5)  P.5'16 
paint  nims  (4,5)  p.5')6 
penetrant  testing  (4.5)  p.5*)6 
pimples  (4.5)  p 5*15 
products  (4,5)  p.5'J6.  p,605 
radiographic  detection  (3.3)  p.258;  (4  5)  p 604 
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S.F.  technique  (3.6>  p 334,  p.339 
»t«rt  points  (4.5)  p,595 
stfeii  (3  7)  p.38^ 
stmi  cracking  (3.7)  p.405 
visual  examination  (4.5)  p.5**5 

Oack  (2.1)  p.BP;  (3  3)  p 2S(t 
arrest  element  (1.2)  p.l3 
coaleK'en-.'e  (12)  p.  1 4 
cold  (4  2)  p 521 

correlation  acoustic  emission  extent  of 
(3  7)  p.4lo 

cia‘.er(l  4)  p.67;  (4.2)  p. 521 
critical  equilibrium  state  (1.2)  p.  I6 
critical  sire  (3.7)  p.38*);  (1.2)  p.l3 
deUyed  reM  (3  7)  p 4l2 
dete  ’ion  by  F.C'.  (3.2)  p i S’* 
embedded  Rat  elliptical  (1.2)  p.  1 4 
embrittlement  (14)  p.6l 
fatigue  (1.4)  p.bl 
fatigue  growth  rate  (3.7)  p.3*)5 
grinding  (1.4)  p.bl,  p.b7 
growth  rate  (1.2)  p.l"’ 
heat  treating  ( I 4)  p.M 
in  composites  li  .4)  p.b*).  (4.4)  p.5X2 
in  non  metallic  ( 1 .4)  p.b2 
in  parent  metal  ( 1 .4)  p.o2 
instability  ( 1.2)  p.l4;  (3.7)  p.38*) 
in  welding  ( 1 .4)  p.b2 
micro  (14)  p.b7,  (3,'’)  p.3'J6 
minimum  detectable  by  .4  C (■>.2)  p.2(K) 
iiucleation  suK'ritica<  ( 1.2)  p.  13 
(lening  (3.3)  p.256 
potential  ( 1 .4)  p.67 
shrinkage  1 1 4)  p.b7.  (4.2)  p.52l 
site  and  growth  rate  acoustic  emission 
(3.7)  p.3<»2 

sporadic  growth  (3  '’)  p.3db 
stopper  ( 1 .3)  p.32 
stress  ( 1 .4*  p.b7 

stress  corrosion  (3.7)  p 405.  p.40b. 

(4.1)  p 474 

subcntical  growth  (3  ')  p 38*r 
surface  ( 1.4)  p.b2,  p.b*) 
thermal  (14)  p.62 
x-ray  detection  (3.3)  p.25b 

Crating  ( ! 4)  p 69 

Creep  (3.'')  p.39b 

Cupping  ( 1.4)  p.bl 

Cluing  process  (4.3)  p.53b 

Cyaiudirig  (4  1 1 p 480 

Damage 

during  sersic-e  life  (II)  p.3 
initial  (1.2)  p I K 

tolerant  structures  ( 1 1 ) p.3 . ( i . 2 ) p.  1 3 

Decarburuing  (41)  p 480 

Defects  ( 1 .1 ) p.4.  (1.4)p.S9,  p.69 
design  lequirements  ( 1 .4)  p.59 


diKontinuities  incorrect  diagnoses  f I 3)  p.30 
in  castings  >'3  6)  p 341 
in  forgings  (3  b)  p.342 
inhomogencity  (2.1)  p.hb 
initial  determination  ( I I ) p.b 
in  wrought  material  (3.6)  p.343 
limit  between  flaw  and  ( I 4)  p.69 
material  tequitemeni  ( 1 .4)  p.bO 
observed  in  composites  (4.4)  p.58l 
quantitative  detection  by  l-.C  (3.2)  p.202 

Dtgra^tiun  ( I 4)  p.57.  (2.1)  p. Mb 

IMauilNatioN  ( 1 .4)  p.b2.  p.b3.  p.b9 

DaltB  ultiaannic  method  ( I I ) p 5 
Hi magpiriiatliin  (3  1)  p.l 62 

Design 

detail  (1.3)  p.30 
fracluie  safe  (1.2)  p, 1 3 

Dir  hlark  (I  4)  p6l 

DifTractomelcr,  method  (4.1 ) p.490 

Dry  spot  ( 1.4)  p.69 

Dynamic  condenaer 

kelvin  method  (2.2)  p.  12'’ 

Eddy  cuiTCSit  (3  2)  p.l83,  (4,5)  p.59'' 
accessibility  (3.2)  p.  199 
airframe  holes  ins|H'cliun  (3.2i  p.208 
conductivity  (3.2)  p.  IM9 
corrosion  detection  (3  2)  p,2l‘’,  i4.5t  p 595 
drift  (4  5)  p.bOM 
edge  elTect  (3.2)  p.l91 
etTect  of  permeability  magnetic  (3.2i  p.  189 
e«)uipmcnt  (3  2)  p |92 
impedance  (3  2)  p i 84 
in  field  (3  2)  p 204 
lifl-oD  (3  2)  p I9|,  (4  5)  p608 
penetration  (3  2)  p 184 
phase  sensitive  detection  (4  5l  p 59b 
probes  (3  2)  p.  194 
proK‘  coil  design  (2  2)  p.l  2b 
sensitivity  of  (3  2)  p.200.  (4.5»  p.nOM 
signascope  instrumeni  (2.2)  p 124 
surface  preparation  (3.2)  p.  199 
wheels  (3  2)  p 212 

Eddy  sonic  techniques  i2  2i  p I |9.  (4.3)  p 5bl : 
(4  4)  p 58  ' 

Etasiomer  1 1 4)  p o2 

Flrctiscal  methssds  (2  2 ) p I 24 

ElectToniagiietic  methods  (4  4)  p 589 

Electraiyte  (4  5)  p 595 

ElectToaica!  components  inspection  ( 2.2)  p 109 


jjwfcritrtmwin  (J.7)  p.3t9 
cttck  ('  .4)  p,M 

cryoyenic  teirprratutv  uV7>  iri**; 
* ''itn>ttn  (3.7)  p,40S 
<itrainH«ftn|  (3.7)  p 4IO 


dnian  (1.4)  p.«0 
matnial  (1,4)  p.59 
product  aounmcv  (l.4t  p.pO 

Ew’iteuimmit  ( I . I ) p.6 

Eaaiidwidaii  (1.4)  p.58 
»-r«>  (3.3)  p.255 

ExtnHlDM  ( 1 .4)  p.M,  p b*? 

Fail  nfit  pMIgiapliy  (1.1)  p.3,  p.4.  p.b; 

(1  :)  p 13.  (1,3)  p 29 

Fatifiir 

crack'ivuwtK  fate  (3,'?)  p 395 
efl'ect  of  mean  stren  (4.1 ) p.474 
life  (3,'')  p 395 

variable  amptitude  loadiiif  (1.2)  p.  I K 

Film,  ladio^apMc  (2  2)  p.l02  (3  3)  p 250. 

(4  1)  p 489 

Fall  eye  (1.4)  p,b9 

Ftake  (1.4)  p.bl.  p.b2 

Flaw  (1.1)  p.5,  ( 1 .2)  p i 8.  (1 ,4)  (',.58.  p (>8 

artil'icial  ( 1 .4)  p.70 
cnck.  like  (3/?)  p.391 
detectability  limits  (1.1)  p 5 
embedded  (1.2)  p.  14 
envirunmentally  induced,  powth 
(3,7)  p.394 

llnishinf  prucessini  ( 1.4)  p.b2 

fondnf  (1.4)  p 62 

faowth  ( 1 .4)  p.‘'0 

in  bonded  structures  (4.3)  p.540 

in  field  detection  acoustic  emission 

(3  7)  p 433 

inherent  ( 1 ,4)  p 62 

initial  (3.7)  p 393 

in  service  ( 1 .4)  p.67 

in  weldinf  (4.2)  p.5 1 1 

iimit  between  flaw  and  detect  (1.4)  p.b9 

maximum  sire  allowable  (1.2)  p. 1 3 

presence  of  hotofraphy  (3.9)  p.46l 

primary  processinc  ( 1 .4)  p.62 

shnnkace  ( I 4)  p 6l 

subchtical  (3.7)  p.394 

surface  in  composities  (4.4)  p.582 

volume  !en|dh  ratio  (I  I ) p.5 

Fokker  bond  tester  (2.2)  p.l  IH.  (3.6)  p 346. 

(4.3)  p.S55:  (4  4)  p 58"’ 

Foieipi  object 

metallic  (I  4)  p 69 
non  metallic  (I  4)  p 69 
radioiBnphic  examination  (3.3)  p.259 


Fraetogn^by 

electron  (3.7)  p.396 

FtacttM*  ( 1 .4)  p.b9 

analysis  diaftram  (1.2)  p.  1 3 
brittle  (1.2)  p.l 3 
instability  (1.2)  p.23 
mechanics  (l.l)  p.4.  p,5.  p.b.  p.H 
procenes  and  Raw  sire  (1.2)  p.l 3 
ratio  analysis  diagram  (1.2)  p.l 3 
resistance  (1.2)  p.24 
safe  (1.2)  p.l 3 
safe  design  (1.2)  p.  13 

Fusion 

lack  of  ( 1 .4)  p.6 1 , p.62:  (4.2)  p. 520 
GoMi«(l  .4)  p.b7 
Gammagiapby 

application  in  civil  aeronautic's  (3.5)  p.308 

definition  (3.5)  p.295 

c«)uipmenl  (3.5)  p.305 

exposure  times  (3,5)  p,.t04 

films  (3.5)  p,303 

in  inspection  of  AX'  tires  (3.5)  p.312 
penetrameters  (3.5)  p,303 
photography  (3.5)  p .301 
safety  rules  (3.5)  p 30b 
sharpness  (3.5)  p.30l 

Ganunarays  (2.2)  p.l02.  (3  5)  p.295 
absorption  (3.5)  p 298 
Compton  scattering  absorption  (3  5)  p.299 
eiH'tgv  (3,5)  p.296 
properties  (3.5)  p,295 
radiation  quantity  (3,5)  p.29' 
secondary  radiation  (3.5)  p.300 
sources  (2.2)  p 102.  (3  5)  p.295 
source  activity  decay  (3  5)  p.29’ 
specific  activity  (3.5)  p.29b 
specific  radiation  intensity  (3.5)  p.29’ 

Cms 

pocket  ( I 4)  p.6 1 . p.b2 
inclusions  (3.6)  p.342 
psirosity  ( 1 4)  p 6l.  p 62 

Gtas  (I  4)  p 62 

Gouge  ( 1.4)  p 6’ 

Grain 

boundary  interfaces  (3.7)  p.389 
residual  stress  (4  1 ) p 501 
sire,  x-ray  (3  3)  p 25 1 

Grapliite  ( I 4)  p.62 

Hardrning 

inducliun  (4  1)  p.4''9 
Herring  bone  (4.2t  p 520 
Heal  tiealment  (4  I ) p 4” 


•u 


IMa 

Mow  (4.2)  p S20 
huthed  ( t ..1)  p..)0 

IMafnpliy  (2.2)  P.10'7.  (.).Q)  p.4M.  (4..))  p.5M> 
•coualkat  ( 2.2)  |..  1 2.) 
avoiHlk  appikatiom  (2.2)  p 12.^ 
aa  a NDI  technique  (.).*))  p.4<il 
behaviour  of  bodies  surfac*.'  (^.'*)  p 4ftl 
correlation  methods  (.1.9)  p4p.) 
douMv  exposure  technique  (2.2)  p,  IC 
interferometry  (.).«)  p.4«*l,  (4  ,ti  p 56b 
laboratory  invxstipatioh  (.^  9>  p 46.) 
loadini.  technique  (.)  9)  p 4b2 
pulad  laser  (.19)  p.462 
leal  lime  technique  (2.2)  p.lO” 
recordinn  materials  (.1.9)  p464 
structures  (3  9)  p 4bl 
time  average  technique  (2  2)  p 10" 
ultrasonic  (3  9)  p.4b2 

IVsneycomb 

compariwn  table  amima  diflerenl  types 
of  NDI  methods  for  (4.3)  p 5’4 
core  14.3)  p.532.  p..^35 
cunnfi  priK'ess  (4.3)  p 53b 
del'evls  in  (4  4)  p,581 
Icviminr  adhesive  (4  4)  p .382 
inspection  method  (4  3)  p 54'' 
lay-up  (4,3)  p.53b 
inanul'ac(urii)|M4.3)  p.535 
plate.  hoMieraphy  i3  9i  p 4nl 
structures  (2  2)  p.  1 19 
water  entrapment  deiection  ( 13)  p 553 
\-ray  examination  of  (3,3)  p 259 

Hut  cracks  (4.2)  p 521 

Hot  tears  1 1 4)  p.b.' 

Hydrofcn  embrittlement  (3.'')  p 405 

Impedance  measurement  (2.2)  p l2o 

Induiion  ( I 4)  p.bl 

accidental  ( 1 4)  p.n2 
in  weldinfi  (4  2)  p 520 
natural  (I  4)  p.n2 
non  me'  rilic  (1.4)  p h3 
sand  ( I 4)  p 62 
slaf!  (14)  p 6' 
tunicsten  ( 1 4)  p.6’ 

Incompirtc  penetration  i4  2)  p 520 

Infrared 

cameras  (2  2)  p 111 

radutKin  technique  (2.2)  p ION 

spectrometry  (3  4)  p 29( 

scan  heatinie  techn'ques  (4  4)  p 5.N9 

temperature  ineasurine  device  i 2 2i  p 1 10 

Ingots  1 1 4i  p 6.) 

Intpecliun  1 1 4i  p 5" 

on  Ninded  structure'  i t 3)  |>  545 
conventional  NDI  (3  '’)  p.39s 


design  for  ( 1 ,3)  p.29 
impectabilily  (21)  p 1)6 

pammapraphy  inspe<-lioh  of  A t'  types  (15)  n 31  2 

in  ptsKess  ( 1 .4)  p.  >t 

internal  1 1.3)  p.29 

processed  materials  1 1 4)  p fn 

visual  1 2.2)  p 95 

x-ray  i3  3)  p.255 

Impecton.  NDI  ceetiOed  1 2 I ) p 87 
InataMMly.  plane  strala  i3  ')  p 426 

Interference 

methods  i2.2)  p lOb 
pattern  i2  2)  p.l05,  p lO" 

Joint*,  beared  i3.b)  p 345 

Ifilwr  eflecl  i2  2)  p 120.  i3  ')  p ,)90 

Knapp  bardnen.  sirrm  meawring  method  (4.1)  p.502 
Lack 

of  fill  out  ( I 4)  p 69 
of  fusion  (4  2)  p 5 20 
ot  wettuiii  1 1 .4)  p 6.) 

Laimnaiian  1 1 4)  p bl 

Laps  1 1 4)  p bl 

forginit  1 1 4)  p b2,  p b4 

Laser,  pulsed,  bolngrapky  (3  9)  p 4n2 

Level,  trigger  i3  ')  p 42n 

Life  cycle 

inanageiiient  sssiem  ( I 4l  p "’3 

Liquid  s'rysiai  i 2 2 ) p 1 1 1 . 1 3 S)  p 45 1 
application  from  solution  (3  8)  p.45  2 
bireirinpencc  (3.8)  p 45 1 

cxps'iimental  lechniqiie  (3  N)  p 452,  p 453,  p 454 

film  ai'plicalioii  i.vS)  p 453 

tu'lographs  i3  9'.  p 4^^ 

optical  uUalion  i3  S)  p 45  I 

'cailermc  oi  svhuc  hchl  i.VN)  p451 

lestini:  ..it  olcctrumc  com|>oiu'nis  i3  S)  p 45.' 

Magnetiration  techniques  1 3 I ) p 1^2 

Magnalest  i ) 2)  p 1^2 

Magnetic 

inks  (2  2)  p 90 
inethv'd  s..-iisiiiMi\  I 2 2)  p 90 
meth.Hls  ol  mspi-cliiui  i3  1)  p I5N 
particles  i2  2)  p 98,  (3  I)  p 145 
luhK'r  iiisiH-ciion  i3  lip  Ib2 

Maintainability  1 1 4i  p '4 

iiispe..tiun  111  service  i 1 4i  p 'n 

plaaiiitiic  lor  i I 3)  p 31 

planning  !.>r  stru..lural  miegriu  i 1 ,)i  p 29 

Material 

lerromajinelii.  i3  I I p 145 
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mcUllurttcal  Mate  evaluation,  x-ray  diff. 

(341  p :«7 
prxKX'xacd  (1.41  p,7.S 
raw  (2. 1 1 p.dh 
r:!w  receiving  ( 1 ,41  p 75 

Microscope  (2.2l  p.t$ 

electron  (2,2l  p ^5,  (3  4l  p 2‘M 

Mictoscopy  »r«nnin|  (2.21  P '17 

Mbruiw  (1,41  p M 

Moke,  technique  (2,21  p.  107 

Monitorinf  (2,31  p.  1 3 1 

Multiple  echo,  method  (3.61  p.333 

NDl 

as  a tool  (1,11  p,5,  p.8 
correlated  to  destructive  (1.11  p,"' 
current  methods  (1,11  p.8 
interpretation  (111  p.7 
I H'thods  (2,11  p.86;  (4.41  P.5'10 
of  welding  (4,21  P.50'1 
philosophy  (1.11  p.3 
programme  ( 1 .1 1 p. 6;  (1,41  p,74 
specifications  (111  p,7 
team  work  (1,11  p.’’ 
test  engineer  ',2,31  p.  131 
test  inspector  (2.31  p,  132 
test  opeMtor  (2,31  p.l32 

Neutron  radiography  (3.81  p 454 

applications  and  limitations  (3,81  p.455 
sources  ( 2,21  p.  103 
scattering  (3.41  p 2*10 

NitrkJing  (4, 1 1 p 480 

Operational  readness  ( 1 4l  p 5"’ 

Optics 

fiber  (2.21  p.'^ 

viewing  aids,  corrosion  (4.5 1 p.5‘i5 
visual  aids,  in  composites  (4.41  p.584 

Orange  peel  ( I 41  p.6'> 

Organization  policy  (2.31  p 131 

Penetrants 

adverse  elfect  of  low  temivrature  ( 1..7)  p.3 2 

liquid  ( 2.2l  p.'7'.  (3. 1 1 p.  I ’ 1 

liquid  crvstal  (3.81  p.453 

(,!(.'.  test  loi  (2.2l  p.'>8 

rciiioval  process  ( 2 2 1 p. '18,  (3  11  p 1’2 

sensitivitv  '2  2lp.'i'l.  (l.lipl'l 

test  corrosion  (4. si  p S'lp 

t\  pes  of  liopiid  ( 3. 1 1 p I ' 2 

IVnetration,  iiK'umpleu  ( I 4i  p ol,  p (>2 

Perssmnel  qualification  i 2 3i  p I 3 1 

records  i 2 3i  p I 34 


Pteroelecttk  material  (4.41  p.586 

Pile  pi  dialocation  (3.71  p,38*t 

fimple  (1.41  p.6*» 

corrosion  (4.5>  p,5*)5 

rtn  hole  (1.41  p.62.  p.6't 

Pipe  (1.4l  p 61,  p.67 

fsvraalty  (1,41  p,63,  p.’  4.  p.6'1;  (2.11  p,86;  (2. 

ftefotm  ( 1 41  p,68 

fregel  ( 1 4l  p 6'a 

Piepref-yam  ( 1 ,41  p.68 

hutt  joints  (4.41  p.583 
gaps  (4.41  p.583 
overlaps  (4.41  p.583 

Process 

environment  certiHcation  (2.31  p.l31 
in  ( 1 .41  p,  74 
order  (2.31  p.131 
special  (2.31  p,l  31 

Procurement  document  ( 1 .41  p,5'l 

Programs  NDl  ( 1 .4'  p.'4 

Proof  test  (3,71  p,3'll,  p,313,  P.3'15 

Property 

chemical  ( 1 ,4i  p,,5'i 
configuration  tl.41  p,5'> 
critical  ( 1 .41  p 5'1 
mechanical  ( 1 .41  P.5'1 
metallurgical  ( 1 .41  p.S"! 
physical  ( 1 4i  P.5'1 

Ptihe-echo  technique  (2.2'  (vl  14 

Pulse  transit  time  (3M  p 335,  p 338 

Qualincation 

certificates  ( 2,3 1 p I 34 
espiralion  (2.3)  p,l33 
requalifieation  (2.31  p.l33 
reqiiirenients  (2.31  p.l31 
validitv  period  ( 2.3)  p.  1 33 

(,)ualit> 

(ss((rance  (1.4)  p. '0 

product  I 1 4)  p.'5 

product  m composites  (4  41  p 581 

Radiation 

efteets  (3  3 ) 235 

eiierev  (3  3)  p.23,' 

uitensitv  I 3 3)  p 233 

inasuDum  I'erntissihle  doses  (3.3)  p ’34 

nui:'[ti>r(ng  i 3 3 ) p 235 

I'erso  wl  dosi.  matters  i3.3)  (v234 

prvitevtuxi  (3  3)  p 235 

'hteldine  (3  3)  p 23'' 


1 p,l  16 
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■■  sources  (3.3)  p.232 
tank  (3.3)  p.234 
units  (3.3)  p.233 


Skin 

trouble  (4.5)  p.598 
multiple  (4.5)  p.598 


Radiography  (2.2)  p.99 
in  motion  (4.3)  p.567 
interference,  corrosion  (4.5)  p.604 
limitation  (4.5)  p.606 
neutron  (2.2)  p.l03;  (3.8)  p.4S4 
on  aircraft  structures  (3.3)  p.255 
radioscopy  (4.3)  p.566 

- reference  (1.4)  p.70 

- sensitivity  of  (2.2)  p.l02 

- test  corrojion  (4.5)  p.604 
x-rays  (2.2)  p.lOO;  (3.3)  p.232 
x-rays  diffraction  (2.2)  p.93,  pl05; 
(3.4)  p.271 

- 7-rays  (2.2)  p 100;  (3.5)  p.29S 
Reliability  (1.4)  p.S7,  p.74 

Resin 

- pocket  (1.4)  p 69 
rich  edge  ( 1 .4)  p.69 

Resistivity,  electrical  (4.4)  p.589 

Resonance  measurements  (2.2)  p.ll7 

Rolled  products  (1.4)  p.64 

Rolling  - cold  (1.4)  p.63 

Safe 

fail  (1.2)  p,13 

life  (1.1)  p.3.  p.4,  p.6 

Safety  ( 1 .4)  p.74 
flight  ( 1 .3)  p.32 

Siandwich 

acceptance  criteria  (4.3)  p.571 
corrosion  detection  (4.3)  p.552 
non  metallic  panels  defect 
detection  (4.3)  p.559 

Scale  ( 1 .4)  p.61 

Scratch  ( 1 .4)  p.69 

Sealing,  compound  (4.5)  p.596 

Seams  (1 .4)  p.61 

Segregation  (1.4)  p.61.  p.62 
in  composite  (1.4)  p.53 
macro  (1.4)  p.63 

Short  ( 1 .4)  p.69 

Shrink  (1.4)  p.61 

cavities  (1.4)  p.64 
internal  ( 1 .4)  p.62 
micro  ( 1 .4)  p.64 
ir.trk  or  sink  ( 1 .4)  p.69 


Slag  ( 1 .4)  p.62 

• inclusions  ( 1 .4)  p. 67 

Slug  ( 1 .4)  p.67 

Sonic 

application  limits  of  FBT  (4.3)  p.559 
coindascope  (4.3)  p.559 
I'ddy,  method  (2.2)  p.1  19;  (4.3)  p.561 
Fokker  bond  tester  (4.3)  p.556 
resonance  principle  (4.3)  p.555 
resonator  (4.3)  p.559 

results  interpretation  using  FBT  (4.3)  p.556 
stub-meter  (4.3)  p.559 
test,  system  (4.3)  p.563 

Spattering  (4.2)  p.S21 

Specifications  ( 1 .4)  p.70,  p.7 1 
acceptance  (1.4)  p.70 
company  ( 1 .4)  p.70 
requirement  (1.4)  p.71 
standard  (1.4)  p.59,  p.70 

Speckle  (3.9)  p.463 

correlation  fringes  (3.9)  p.463 
interferometry  pattern  (3.9)  p.463 

Spot  heating 

residual  stress  (4. 1 ) p.477 

Standards  (2. 1 ) p.87;  (1.4)  p.71 
codes  (2.!)  p.87 
correlation  ( 1 .4)  p.7 1 
of  acceptance  (1.1)  p.6,  p.7,  p.8 
reference  ( I . I ) p.7;  (1,4)  p.70 
testing  (1.1)  p.6 

Strain 

aging  (3.7)  p.389 
peening  (4.1)  ii,475 
measurement  (2.2)  p.l06 

Stress 

coining  ( 1 .4)  p,63 

comprehensive  residual  (4.1 ) p.474.  p.480,  p.483 

distribution,  residual  (4.1)  p.501 

effect  on  corrosion  (4.1)  p.474 

electroplating,  residual  (4.1)  p.480 

lactors  affecting  accuracy  of  ’•esidual  measurement 

(4.1 ) p.499 

intensity  (1.21  p.23 

intensity  factor  (1.2)  p.  16 

macro  (4. 1 ) p,473 

mean  (4.1 ) p.474 

micro  (1.4)  p.67;  (4.1)  p.473.  499 
relieving  heat  treatment  (4.1  ) p.473 
residual  ( 1 .4)  p.67;  (4.1)  p,473,  p.475 
residual  calculation  (4.1  ) p.475 
residual,  x-ray  diffraction  (3.4)  p,27S 
tensile  residual  (4.1 ) p.474 
threshold,  corrosion  (4.1)  p.474 
ware  analysis  (SWAl  ) (4.4)  p.587 
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Stringer  (1.4)  p.62;  (1.2)  p.  13 

Structures 

damage  tolerant  (1.2)  p.l3 
fail  safe  (1.1)  p.4 
safe  life  (1.1)  p.4 

Surface 

flaws  in  comitosites  (4.4)  p.583 
roughness,  holography  (3.9)  p.463 
roughness,  residual  stress  (4.1)  p.499 

System 

final  evaluation  (1.4)  p.7S 
management  (1.4)  p.74 

Tape 

- narrow  continuous  ( 1 .4)  p.68 
Team  work  (2.1)  p.87 

Tears 

flash  line  ( 1 ,4)  p.61 
hot  ( 1 .4)  p.61 
machining  (1.4)  p.61,  p.62 

Temperature 

cryogenic  embrittlement  (3.7)  p.392 
influence  on  ineasure.ment  pulse  echo 
(3.6)  p.33S 

NIL  ductility  transition  (1.2)  p.l3 
-■  residual  stress  (4.1)  p.477 
transition  ( 3.7)  p.392 

Test 

cryogenic  test  temp.  (3.7)  p.428 
curved  surface  (2.2)  p.l26 
destructive  (2.1 ) p. 86 
direct  (1 .4)  p. 71 
environmental  (3.7)  p.409 
equipment  qualification  and  procedures 

(1.4)  p.72 

for  conductivity  (3.2)  p.218 
indirect  ( 1 .4)  p.71 
NDl  task  (2.3)  p.  134 
of  electronic  components,  liquid  crystal 
(3.8)  p.453 

Thermal 

coatings  (4.4)  p.590 

methods  (4.3)  p.566;  (4.4)  p.589 

sensitive  materials  (2.2)  p.l  13 

Thermography,  test  corrosion  (4.5)  p.5‘*6 

Thermovision  (4.5)  p.605 

Tliickness 

material,  and  wave  length  ultra  sonic 
(3.6)  p.333 

measurenient  (2  2)  p.l  17 

wall  pulse-transit  method  (3.6)  p.335,  p.338 

wall,  resonance  .M.  thod  (3.6)  p.337 


Througli  transmisaion  technique  (2.2)  p.l  16: 

(4.4)  p.589 

Tubular  members  ( 1 .3)  p.3 1 

Ultrasonic  method  (4.5)  p.607 

angle  beam  technique  (3.6)  p.340 
calibration  standards  (echo  pulse  technique) 

(4.3)  P.SS2 

continuous  surveillance  (3.6)  p.347 
corrosion  detection  on  sandwich  structure 

(4.3)  p.552 

Fokker  bond  tester  (2.2)  p.l  18;  (4.3)  p.555; 

(4.4)  p.587 

holography  (3.9)  p,461 
honeycomb  structures  inspection  (4.3)  p.547 
immersion  technique  (2.2)  p.l  16;  (3.6)  p.339, 
p.346 

laminates  inspection  (3.6)  p.345 

metal  to  metal  bond  inspection  (4.3)  p.547 

pie/o  electric  transducer  (2.2)  p.l  16 

pulse  echo  (2.2)  p.l  14;  (4.3)  p.547;  (4,4)  p.586 

pulse  echo  method,  corrosion  (4.5)  p.596 

pulse  transit  time  (3  6)  p.335,  p.338 

resonance  method  (3.6)  p.337,  p.339 

snurious  effect,  corrosion  (4.5)  p.596 

stress  measuring  (nethod  (4.1)  p.501 

terms  used  (3.6)  p.355 

te«t  corrosion  (4.5)  p.596 

transmission  technique  (2.2)  p.l  16 

water  detection  honeycomb  structures  (4.3)  p.553 

Unbonds 

metal  to  metal  (4.3)  p,547.  p.561.  p.566 
Undercuts  (4.2)  p.520 
Upholstery  (4.5)  p.605 
Variable  measured  (1.4)  p 59 
Void  (1.4)  p.61 , p.62,  p.68;  (2,2)  p.ll6 
Volta,  potential  measurement  (2.2)  p.l  26 
Wash  ( ' .4)  p.69 

Water  in  corroded  area  (4.5)  p.596 
Wave 

coherent  (3.9)  p,461 
micro  (4.4)  p.589 
shear,  technique  (4,4)  p.586 
sound  holography  (3.9)  p,462 

Weld 

acoustic  emission  (3.7 1 p.413 
cruciform  (3.7)  p.413 
electric  arc  (3.6)  p,343 
electrobeam  (3  6)  p.345 
delayed  cracking  (3.7)  p.412 
friction  (3.6)  p.345 
laser  (3.6)  p.345 
suitability  of  testing  (3.6)  p.343 


Tow  ( 1 .4)  p.68 


Welding  (4.2)  p.S09 
defects  (4.2)  p,520 
defects  acceptability  (4,2)  p.522 
gas-shielded  (3.6)  p.344 
flash  (3.6)  p.344 

in  aeronautical  industry  (4.2)  p.S09 
materials  employed  in  aeronautical  industrv 

(4.2)  p.5!l,  p.514,  p.516,  p.517 
oxi-acetylene  (3.6)  p.344 
submerged  arc  (3.6)  p.344 

resistance  pressure  LF  and  HF  (3.6)  p.344 
plasma  (3.6)  p.344 
projection,  spot,  roll  resistance 
(3.6)  p.344 

electro  slag  (3.6)  p.345 

Whiskers  ( 1 .4)  p.63 

Womt  hole  (1.4)  p.69,  p.S20 

Wrinkle  (1.4)  p.69 

X-ray  (2.2)  p.99;  (3.3)  p.232 

angle  of  emergence  (3.3)  p.241 
beam  configuration  (3.3)  p.238 
diffraction  (3.3)  p.238 
equipment  (.3.3)  p.236 
e.xposure  techniques  (3.3)  p.24l 
focal  spot  size  (3.3)  p.238,  p.246 
high  energy  (3.3)  p.243 
low  energy  (3.3)  p.243 
material  absorption  (3.3)  p.248 
radiation  filtration  and  intensification 

(3.3)  p.248 

radiation  intensity  (3.3)  p.245 
radiation  quality  (3.3)  p.242 
scattered  radiation  (3.3)  p.244 
stress  measurement  (4.1)  p.484 
voltage  (3.3)  p.238 


APPENDIX  S.2 


CROSS  REFERENCE  TABLE  SHOWING  WHICH  NDI  METHODS 
MAY  BE  USED  FOR  INVESTIGATING  VARIOUS 


TYPES  OF  DEFECTS 


CROSS  REFERENCE  TABLE  SHOWING  WHICH  NDI  METHODS 
MAY  BE  USED  FOR  INVESTIGATING  VARIOUS 
TYPES  OF  DEFECTS 


1.  THIS  TABLE  IS  INTENDED  TO  PROVIDE  A SELF-EXPLANATORY  GUIDANCE  FOR  PRAC  TK  AL 
ORIENTATION  FOR  USE  OF  "NDI  PRACTICES" 

2.  THIS  TABLE  SHOULD  ALWAYS  BE  USED  IN  CONNECTION  WITH  THE  SUBJECT  INDEX  FOR 
COMPLETENESS. 

3.  THE  NUMBER  IN  THE  TABLE  GIVES  REFERENCE  TO  CHAPTERS  WHERE  THE  DEFECT  TO  BE 
INVESTIGATED  AND/OR  THE  AVAILABLE  METHODS  ARE  EXTENSIVELY  EXPLAINED. 

4.  THE  CROSSES  IN  THE  MATRIX  INDICATE  THE  METHODS  AVAILABLE.  WITHOUT  ANY  ATT  EMIT  TO 
RATE  DIFFERENT  METHODS. 

5.  IT  IS  POINTED  OUT  TH.AT  SOME  METHODS  HAVE  LIMITATIONS  DEPENDING  ON  THE  MATERIAL 
AND  THE  APPEARANCE  OF  THE  DEFECT. 

6.  WHEN  PARTS  TO  BE  INSPECTED  ARE  NOi’  ACCESSIBLE  ONLY  RADIOGRAPHIC  Ml  THODS  (\  RA^  . 
7 RAYS,  NEUTRON)  CAN  BE  USED. 
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APPENDIX  5.3 

NON  DESTRUCTIVE  INSPECTION  PROCEDURES.  USAF 
(T  O.  1F-104.V36S  4/5) 


The  tollowinj!  pajics  arc  reproduced  directly 
from  the  relevant  technical  manuals. 
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OPERATIONAL  SUPPLEMENT 

TECHNICAL  MANUAL 

NONDESTRUCTl  vr  INSPECTION  PROCEDURES 

USAF  SERIES 

F-104A,  B,  C,  D 
F,  RF  AND  TF-104G  (MAP) 

AIRCRAFT 


THli  i'UBLICATION  SUPPLEMKNTS  T.O.  IF-UWA-.^h  DATED  17  APRIL  1170. 
Reference  to  this  supplomont  will  he  made  on  the  title  pa^e  of  the  basic  manual  by 
personnel  responsible  lor  niaintaininp  the  publication  in  current  .status. 


COMMANDERS  ARE  RESPONSIBLE  POR  BRINCINC  THIS  SUPPLE- 
MENT TO  THE  ATTENTION  OF  ALL  AFFECTED  AF  PERSONNEL. 

PUBLISHED  UNDER  AUTHORITY  OF  THE  SECRETARY  OF  THE  AIR  FORCE 


10  JANUARY  1973 


1.  PURPOSE. 

To  add  new  procedures  for  inspiction  of  the  vertical  stabilizer  front  ami  rear  beam  mountinp  pads. 
:.  INSTRUCTIONS. 

a.  In  Sec  tion  III,  pa^e  new  paragraphs  ,1-lO.S  throuRh  .^-110  are  added  us  follows: 

■l-lO.s.  K-104  NDI  PROCEDURE  — Vertical  Stabilizer  Lower  Beams. 

•4-lOh.  tleneral.  Both  the  forward  and  rear  be-  ns  of  the  vertical  stabilizer 
are  susceptible  to  stress  corrosion  crackinp  in  the  lower  beam  section, 
commonh  referred  to  as  the  mountinp  pad  section.  St'e  tipure  1 (Sheet 
1 ot  fi).  This  inspection  procedure  outlines  ultrasonic  and  eddv  current 
techniques  to  detect  cracks  without  removal  of  the  stabilizer  from  the 
airciatt.  and  without  paint  removal  which  is  required  when  usinp  the 
presi  nl  T.O.  1 h'— U)4.\  -.It)  procedurt's. 

L 107.  Description  of  Defects.  Refer  to  fipure  1 (ShtH't  2 of  h). 

1.  ('racks  initiatinp  from  or  e.xtendinp  into  the  four  attachinp  fastener 
holes  - Inspect  usinp  the  eddy  current  bolt  hole  probe  technique. 
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2.  Cracks  initiating  from  or  extending  into  the  four  counterbore  ureas  of  the 
fastener  holes  — Inspect  using  the  eddy  current  pencil  pro'ie  tochnique. 

3.  Cracks  extending  in  the  forward*ufl  direction  between  the  four  fastener 
holes  and  large  cracks  extending  from  steps  1 and  2 - Inspect  using  the  ultrasonic 
technique. 

3-108.  Equipment  Materials  Required. 

1.  Ultrasonic  Requirements. 

a.  Detector-ultrasonic  flaw.  FSN  6b3.'i-018-S82‘^. 

b.  Transducer-Type  SFZ.  10  MMz.  Part  No.  37A227‘>,  Automation 
Industries,  Inc.,  or  equivalent,  FSN  o63S-‘M.S-1220. 

c.  Calibration  UliK'k  - 1-inch  block  of  aluminum,  .see  View  i\, 
figure  1 (Sheet  3 of  b)  or  aluminum  shear  wave  test  bK>ck.  FSN  bb3S-018-.38.32. 

d.  Couplant-Light  Grease. 

2.  Eddy  Current  Requirements. 

a.  Detector,  ED-520  Magnaflux  Corp  or  equivalent.  ESN  tib3.S-lii7-0,S3('i, 

b.  Probe  - Bolt  hole  expandable  1 ■*  - 1 1 Ib-inch.  FSN  bb3.5-018-583O, 
or  equivalent, 

c.  Probe  - Pencil.  E'SN  bb35-4(Hl— ,s'S  1.',  or  equivalent. 

d.  Calibration  HUx'ks  — See  Views  ,A  and  B.  tiaurc  1 (.Sheet  ,3  of  of. 

.3  — 10^).  Inspection  Procedures.  T'  t-  order  of  inspection  ojx'ration  is  recommended  ,is 
follows: 

1.  Ultrasonic  Inspection  Procedure. 


NOTE 

Ultrasonic  inspect  both  front  and  rear  beam.s  (or  large  defects. 

No  fastener  removal  is  required  except  to  confirm  “suspect” 

crack  indications. 

a.  Remove  fillets  to  expose  lower  portions  of  both  front  and  rear 
stabilizer  beams. 

b.  Clean  and  remove  rough  or  loose  paint  of  areas  coming  in  contact 
with  the  ultrasonic  transducer.  Area  identified  bv  “U”  on  fig.ute  1 i.Sbeet  1 ot  oi. 

c.  Ultrasonic  instrument  calibration  — Position  the  10  Mllz  longitu- 
dinal wa\e  transducer  on  the  calibration  block  directing  the  sound  beam  tliroiigh 
the  one  inch  thickness.  Se«’  View  A.  figure  1 (Sheet  3 ot  tO.  .Adiiist  the  .swi-i-p 
length  and  sensitivity  controls  to  display  10  back  reflections  on  the  cathode  r.iy 
tube  (CRT).  See  View  A.  figure  1 (Sheet  4 of  b). 
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d.  Adjust  the  murker  controls  or  use  a itreuse  pencil  to  show  ti  inches 
of  material  thickness. 

e.  Apply  couplant  to  the  transducer  fiue  and  place  it  on  the  ;m'a  to  ho 
inspr'cted.  See  View  H,  figure  I (Sheet  4 of  hh  Adjust  the  sensitivity  control  to 
obtain  a J inch  hinh  signal  at  the  n.S  inch  material  thickness  murker.  This  sifin.il 
will  be  obtained  bv  moving  .lie  transducer  slij>htl\  until  a maximun-  reflection  is 
received  from  one  of  the  two  fastener  holes  on  the  opposite  side  ol  the  mounting  pad. 
St'e  View  n.  liKure  1 (Sht'et  4 of  t»).  beam  No.  1. 

f.  Scan  all  inspin-tlon  arv'us  as  indicated  on  both  rinht  and  left  sides 
of  the  mountin;',  pads.  Note  fiiture  1 (Sheet  S of  h),  which  shows  the  areas  to  be 
scanned.  Inspi'ction  results  will  Ik-  analv/t'd  as  follows: 

til  Oofivt  signals  less  than  ’ inches  in  amplitude  should  be  dis- 
renarded  unless  there  is  a complete  loss  of  back  n'flection  from  the  t'pposile  side 
of  the  mounting  pad. 

(2  1 Hisreiiard  delect  sinnals  outside  the  ti  inch  maikt'r  position  on 

the  CRT. 


OisreKurd  signals  from  the  small  diameter  holes  Knated  on  the 
aft  edge  >'f  the  rear  bi'am  mounting  pad  flange.  These  signals  will  apiHsit  at  the 
.1  inch  marker  position.  Note  small  diameter  holes  in  View  H.  figure  1 iSheet  4 of  to. 


I CAUTIOW 

Scanning  outside  of  indicated  insfHstion  .tieas  will 
produce  lalse  indications.  Also,  occasional  signals 
mat  roMill  trom  fillet  areas  ol  base  that  m.e,  appe.ir  to 
be  defeCiS.  KvaUlate  these  carc-tulK.  Note  tille' 
p>'situ>n  It,  \’iew  K.  figure  I tShec  i 4 of  oi. 

(4)  Conlirm  all  defect  '.luiicativuis  b\  cisu.i!  ilOxl.  eddv  current,  or 
penetrant  methods.  Stabih^tet  mat  have  to  be  removed  it  >;■  lei  ' indications  di'  not 
come  to  any  c'Xpc'st'd  sutfiict's. 

2.  Kdd\  Current  lns(>ections  - It  no  delects  h.oc  been  conlirmed  .is  .i 
result  ol  the  ullr.isonic  inspection.  ci>ntinuc  to  inspect  using  edd\  current 
techniques. 

NOTE 

Remove  . ne  .iltach  fastener  at  ,<  tune  .ind  inspect  for 
crocks  using  hviih  the  cdd\  current  (wncil  and  bolt  hole 
( n .U  's.  C.mlirm  cracks  b\  visu.il  or  pw'iietrant  inspc-i - 
I ions. 

.1.  C.dibr.ile  the  pencil  probe  .u’cording  to  the  in.strui't ions  cont.iinc'd 
m T.O,  (llij-  “-1  using  tlie  tl.it  edd\  current  te'st  bbs  k shown  in  View  M,  tigure  1 
.Sheet  o ot  ID.  I'his  block  is  an  .ns  ".,sotv  ot  tin-  h !>  s2U  i dd\  c urrent  teslei. 
('btain  .1*  least  a s(l  microampere  det'a-clion  fror.  the  lt,l>20-nu  h deep  sU't  in  I he 
test  bl.R'k.  Record  equipment  settings  lot  ease  in  resetting  equipment  when  (hmiciI 
probe  ami  bolt  hole  proln'  .irt  used  .illernateK  lot  e.ich  hoi*,  .uiii  counleibore  inspt'i  - 
t ion. 
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b.  Calibntc  the  9 l6*in<  h diaaietei  bolt  hole  probe  (used  (or  front  beam 
holes)  according  to  instructions  contained  in  T.O.  33B2-9-1  using  the  test  block 
shown  in  View  A,  figure  1 (Sheet  3 of  6).  An  alternate  and  easier  technique  is  to 
insert  the  probe  in  the  S/S*inck  dianieter  test  hole  and  press  the  tip  of  the  probe 
away  from  the  hole  wall  and  note  deflection  of  needle.  Adjust  lift-off  control  until 
there  is  no  needle  deflection  when  the  tip  of  the  probe  is  moved  away  from  the  hole 
wall.  During  this  operation  the  needle  is  brought  on  scale  with  the  balance  control. 
Adjust  sensitivity  controls  (both  (unction  control  and  sctewdiiver  adjustment)  until 
at  least  a 50  microampere  deflection  is  obtained  from  the  slot  in  the  hole.  Again, 
record  equipoMnt  settings  for  esse  in  lesetting  between  alternate  inspections  with 
the  pencil  probe. 


The  5^8  and  It  16-inch  diameter  holes  in  the  test  block  ate  used 
if  probes  other  than  the  9 16-inch  diameter  prob'  is  used  for  the  rear  heam  inspec- 
tions. Record  equipment  settings  if  more  than  one  eddv  current  bolt  hole  probe  is 
used. 


c.  Remove  one  of  the  (out  fasteners  from  the  front  bejm  mounting  pad 
and  clean  all  foreign  miiterial  from  the  hole  and  counterbore.  Do  not  remove  paint. 

d.  Using  the  pencil  probe,  scan  the  fillet  radius  ami  all  surface  areas 
inside  the  counterbore.  Scan  all  accessible  radii  and  internal  surfaces  on  exposed 
areas  of  the  mounting  pads.  (See  V’iew  A.  figure  1 (Sheet  b of  of. "I 

Scanning  neat  sharp  outside  radii  or  steel  such 
tasteners  wiU  produce  edge  effect,  resulting  in 
sharp  downscaie  deflections  resembling  delect 
indications. 

e.  Remove  pencil  probe  and  replace  vnlh  Ib-inch  diameter  bolt  hole 
probe.  Position  controls  to  previouslv  lerorded  positions.  Check  operation  using 
test  standard  hole. 

f.  Adjust  the  collar  on  the  probe  to  inspect  (or  defects  at  the  edge 
of  the  hole  at  she  counterbore.  Rotate  in  a .IbO'  circle  and  note  anv  sharp  down- 
scale deflections.  (See  View  B,  figure  1 (Sheet  b of  b).! 

g.  Continue  to  inspect  the  entire  lengtii  of  the  fastener  hole  m 
0.106-inch  increments. 

h.  Confirm  indications  detected  using  eddy  current  insp*.*ctions  b\ 
visual  (lOx)  or  penetrant  inspections. 

I.  Reinstall  the  fastener  after  proper  corrosion  ptcrect-on  and  re- 
move second  fastener.  Inspect  with  bolt  hole  probe  and  pencil  p-obe  (counterbore 
area)  after  proper  cleaning. 

j.  Complete  inspection  of  front  beam  inspection  bv  removing  and 
inspecting  one  fastener  at  a time. 

k.  Repeat  inspection  of  rear  beac.  holes,  countetbores.  and  adiaceni 
•:eas  similar  to  the  front  beam  inspection. 

l.  Record  and  report  all  cracks  for  proper  disposition. 

b.  Figure  1 (Sheets  1 through  b)  of  this  supplement  is  figure  (Sheets  1 through  t"!  ot  the  baste  manu.il. 
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Fiowr*  I Forward  mnd  Rmot  Scams  (SKaat  I o/  6J 


STAN  DARD  ULTRASONIC  4 EDDY  CURRENT  BOLT  HOLE 


T.O.  lF-i04A-MS-4 


VNW  A 


j 


MATERIAL 
7075  OR  7079 
T6 


— 4 IN 

SECTION  D*D 


TEST  BLOCK-EDDY  CURRENT  PENCIL 
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THIS  PUBLICATION  SUPPLEMENTS  T.O.  1F-104A-36.  Reference  to  this  supplement 
will  be  made  op  the  title  page  of  the  basic  manual  by  personnel  responsible  for  maintaining 
the  publication  in  current  status. 

COMMANDERS  ARE  RESPONSIBLE  POR  BRINGING  THIS  SUPPLE- 
MENT TO  THE  ATTENTION  OF  ALL  AFFECTED  AF  PERSONNEL. 

PUBLISHED  UNDER  AUTHORITY  OF  THE  SECRETARY  OF  THE  AIR  FORCE 

8 MARCH  1973 

1.  PURPOSE. 

To  add  a new  eddy  current  procedure  for  the  knob  installed  u the  tip  tank  and  to  improve  the  existing 
magnetic  particle  inspection  procedure. 

2.  INSTRUCTIONS. 

a.  The  existing  TIPTANK  LATCH  KNOB  procedure,  paragraphs  2-122  through  2—128  are  replaced 
as  follows; 


2-123,  TIPTANK  LATCH  KNOB,  Part  No.  7u4825,  Models  F-104A,  B,  C,  D 
and  Part  No.  776640-1,  Models  F 'RF/TF-104G. 

2—123.  DESCRIPTION.  (See  figure  2—26.)  The  tiptank  latch  knob  is  attached 
to  the  tip  tank  as  indicated  in  the  figure.  The  latch  knob  is  made  from 
4340  steel.  Two  inspection  procedures  ate  provided  - - An  eddy  current 
procedure  for  the  installed  knob,  and  a magnetic  particle  inspection  for 
the  knob  removed  from  the  tip  tank. 
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2—124.  DEFECTS.  In-service  cracks  have  been  developing  at  the  6 and  12  o’clock  positions  of  the  knob. 

Complete  failure  of  the  knob  at  the  intersection  of  the  0.500-inch  diameter  shani.  and  the  knob  has 

occurred  on  a number  of  occasions. 

2-125.  PRIMARY  NDI  PROCEDURE  FOR  KNOB  INSTALLED  IN  TIPTANK  - EDDY  CURRENT. 

1.  NDI  equipment. 

a.  Crack  detector,  Magnaflux  ED-520,  or  equivalent.  Stock  No.  6635-167—9826. 

b.  Probe,  specially  designed  Magnaflux  probe.  Part  No.  209199.  Magnaflux  Corp.,  7300  W. 
Lawrence  Ave.,  Chicago,  Illinois  60656.  Note  design  of  probe  in  figure  2—26. 

c.  Test  standard,  tiptank  knob  with  circumferential  slot  as  shown  in  figure  2—26. 

2.  Preparation  of  airplane.  Remove  tiptank  in  accordance  with  applicable  technical  procedures. 

3.  Preparation  of  part.  Clean  tip  of  knob  as  necessary  to  permit  good  contact  between  part  and 

probe. 

4.  Instrument  calibration. 

a.  Connect  probe  to  ED-520  and  check  battery  condition. 

b.  Slide  probe  onto  tip  of  test  standard.  Orient  coil  in  probe  away  from  the  slotted  portion  of 
the  standard. 

c.  Rotate  function  switch  to  “LO”  position.  Starting  at  the  zero  position  of  the  “LIFT-OFF/ 
FREQ’’  control  rotate  dial  until  the  needle  changes  direction,  e.g.,  changes  from  up-scale 
direction  to  downscale.  During  this  operation  the  needle  is  kept  on  scale  by  using  the 
“BALANCE”  control. 

d.  To  correct  for  lift-off  (minimum  movement  of  needle  duo  to  coil-test  piece  distance  variations) 
wiggle  the  probe  slightly  while  adjusting  the  “LIFT-OFF/FREQ”  control.  Lift-off  correction 
is  extremely  important  and  must  be  done  very  carefully. 

e.  Rotate  probe  slowly  around  the  tip  of  the  knob  and  note  the  deflection  from  Ine  test  standard 
slot.  Adjust  the  “SENSITIVITY  INC”  control  for  a maximum  of  50+  scale  units.  (Refer  to 
figure  2—26.) 

5.  Inspection.  (Inspect  with  knob  in  vertical  position,  see  figure  2-26.) 

a.  Slide  probe  onto  knob  taking  care  to  seat  it  properly. 

b.  Wiggle  probe  to  minimize  lift-off.  This  operation  is  required  for  each  knob  inspected  because 
of  physical  differences  between  knobs. 

c.  Slowly  rotate  probe  360"  and  note  deflections.  Small  needle  movements  of  20  or  30  units  may 
occur  throughout  the  rotation  due  to  surface  variations  on  the  knob  or  probe  wobble.  Upscale 
deflections  in  excess  of  50  units  shall  be  interpretated  as  “suspt‘cted”  crack  indications. 
Crack  indications  will  appear  at  the  6 or  12  o’clock  knob  positions. 

d.  To  confirm  defect  indications  remove  tip  tank  knob  in  accordance  with  technical  manuals  and 
inspect  by  magnetic  particle  inspection  method.  See  below. 
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2-126.  PRIMARY  PROCEDURE  FOR  TIP  TANK  LATCH  KNOB  REMOVED  FROM  TIP  TANK  AND  CON- 
FIRMATION OF  EDDY  CURRENT  INDICATIONS. 

1.  NDI  equipment. 

a.  Maf>netic  inspection  unit,  portable  hand  probe  DA  200,  Stock  No.  6635—022—0372,  or  equivalent. 

b.  Magnetic  particle  solution,  fluorescent.  Stock  No.  6850—841  — 1347,  or  equivalent. 

c.  Light  unit,  test,  portable  (black  light).  Stock  No.  6635—611—5617,  or  equivalent. 

d.  Indicator,  field,  magnetic  variation,  0—6  Oersted  range.  Stock  No.  6635—391—0058,  or  equiva- 
lent. 

e.  (Alternate  magnetic  inspection  unit).  Stationary  type  MB— 3,  Stock  No.  6635—055—6596,  or 
equivalent. 

2.  Preparation  of  airplane.  Remove  tip  tank  from  aircraft  and  remove  knob  in  accordance  with  technical 
manuals. 

3.  Preparation  of  part.  Remove  any  paint,  corrosion,  grease,  or  dry  film  lubricant  from  the  entire  tip 
tank  latch  knob. 

4.  Inspection  procedure. 

a.  Portable  hand  probe. 

(1)  Position  Pulse  'AC  switch  to  AC. 

(2)  Position  sensitivity  control  to  maximum  sensitivity. 

(3)  Place  tip  tank  latch  knob  between  probe  legs  as  indicated  by  figure  2—26. 

(4)  Press  test  switch  and  spray  magnetic  particle  solution  on  part.  Keep  test  switch  pressed 
for  at  least  5 seconds  after  application  of  solution. 

(5)  In  a darkened  area  using  the  black  light,  inspect  in  the  critical  areas  for  cracks.  Service 
cracks  have  occurred  at  either  the  6 or  12  o’clock  positions  at  the  intersection  of  the  0.500- 
inch  diameter  shank  and  the  knob.  Also,  inspect  for  deep  or  sharp  grooves  in  this  area. 
Cracks  or  grooves  are  not  acceptable  in  the  knob  area. 

(6)  Evaluate  defect  indications  by  examining  the  part  with  optical  devices.  Mark  and  report 
inrficated  defects. 

(7)  Demagnetize  the  part  after  inspection. 

b.  Stationary  or  portable  magnetic  particle  systems,  7500-10,000  ampere  turn  capability. 

(1 ) Position  the  knob  in  the  magnetizing  coil  as  noted  in  figure  2—26. 

t2)  Apply  current  for  one  second  while  spraying  the  part  with  magnetic  particle  solution. 

(3)  Observe  fc.  defect  indications  and  evaluate  suspect  indications  similar  to  that 
described  for  the  portable  hand  probe  technique. 
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2—127.  SYSTEMS  SECURING,  Clean  area*  inapected,  reatoie  finiahes,  recoat  the  knob  with  dry  film 

lubricant  per  MIL*L<46010,  Slock  No.  9150—142—9309,  and  reinstall,  in  accordance  with  applicable 
technical  orders. 


b.  Figure  1 of  this  supplement  is  figure  2—26  of  the  basic  manual. 
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CIRCUMFERENTIAL  CRACKS-^"^ 
RES  IN  SERVICE  IN 
ED  AREA  AND  180' 

SLOT  (6  ANC  12  O'CLOCK  POSITIONS) 


APPENDIX  5.4 

NON  DESTRUCTIVE  TEST  MANU  AL 

liis|K'ctiuii  Procedures  for  BcK'ing  Jet  Transports 
Boeing  Document  Db-7170 

(TO.  lE-104.\-365-4/5) 


The  lollowing  pages  are  reproduced  directly 
from  the  relevant  test  manuals. 
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4 « ULTHAf.JK:r 
Us-BIZJKTAL  STABILIZrR 

1.  Purj'ose 

H.  Service  experience  shows  that  cracks  can  occur  in  top  and  bottom  lu^s  of 
horl2.r-.al  s’abillzev  si'ur  termiml  fittings.  P/Ii  65-3^09-5  or  Hie 

ciacxE  .riginate  at  •o.e  bolthole  and  propugite  aloi^  the  flash  iin*^. 

This  wive  techr.ique  Is  recorttiende d for  detecting  the.  ' 

cracxs. 

"^racits  cannot  be  distinguished  fr.'m  Ircl asiors  wl  h this  rr  .ce.iure,  | 

2.  Fquipjnent 

A.  i'uiy  ulti-asonic  equipment  which,  satisfies  ■‘he  requi !'ements  of  re oomr.en.ded 
procedure  ma>‘  be  used. 

(1)  Transducers 

(a)  5-ir.c/s,  1/^-inch  di-_nieter  ci'ys‘-\l,  mouired  in  ' /3-lrch  diameter  I 

case 

(2)  Crack  comparison  standard,  fabricute.l  tis  . h.owr.  in  it  tali  ' 

(?)  Transducer  positioning  fixtures,  fabriou'el  .c  showt.  in  .-.etails  II 
and  III 

(b)  Couplant.  light  oil  or  grease  is  satlsfuo-  y 

3.  Preparation  for  Inspection 

I 

A.  ulean  surface  of  terminal  fitting  th.'roug’.ly  t ' (.  su''e  tortuct 

between  transducer  px>sltloner  and  fitting. 

B.  If  painted  surface  Is  rough,  smooth  lightly  wi'^h  >>.tr-'.slYe  clcth. 

C.  Coat  Inspection  area  with  couplant. 
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4,  Inatrumer.t  nlibratlon 

A.  CallbrA^ion  for  Irsi'sctlng  InbOHrd  31  le  f Fo!+  Hole 

(1)  Pl'ico  tran3ducer  tn  positioning  fixture.  F2ace  fi.x'ure  ct 
conparlsor.  standard  so  as  to  ilrer*  - 'und  bear,  intc  artlff  ::al  crack 
ar«a.  (Gee  derail  IV.) 

(2)  Mo\-e  fixture  f v rvi  rd  and  aft  t:  1 t-.Ir  a n'utlraun  signal  re-ponae 

fr  ■.'■m  crack, 

(■j)  Identify  joslt.on  of  naxinum  restcnse  or  osci II- 'cope.  Held 
tjrunsducvir  in  this  rosltion, 

(4)  Adjust  sensitivity  of  instrument  until  vertical  v'^sixcnse  Indicatloi. 
or.  osci  lies  cope  is  approximately  ?!'  percent  of  saturation. 

(5)  Note  position  :f  transducer  on  st-u.dari  at  which  maxlnum  response 
is  obtained. 

B.  Calibration  for  Ir.'jeotlng  Outboard  Slvde  of  Bolt  Hole 

(i)  After  inspectlr^g  irtioard  side  of  belt  hole,  calibrate  instrunent 
for  inspecting  o'-.tboard  side  using  .same  procedure  used  for 
iilibititirg  irtO'U'd  side. 

5 . I nspectl  on  F roce  buc'e 

rt.  Inspection  of  Inboard  ^'Ide  of  Bolt  Hole 

(l)  Place  transducer  in  pool tiordng  fixture.  Place  posl*loi,ing  fixture 
or.  lug  so  as  ;o  direot  sound  beam  toward  inspection  area.  (See 
detail  IV,  ) 

(2'  Sc .U'.  ai'ea  by  ■n.-ving  fixture  in  a forvard  and  aft  pattern  to  a 

distance  of  ■•.pproxlnately  l '2-iix;h  oi.  eich  side  of  maxirntm  scan 
p sitior.  eo  " iblllshed  in  callbi-ation  procedure. 

(3^  If  a crack  ir-dio.v'ion  is  detected,  a response  will  ipp'^ar  on  the 
oscilloscope  oirr.iLar  to  the  response  received  from  the  simulated 
ci'ack  in  the  c.w.}-urlson  standard,  lateral  m.ovement  of  crack 
resronite  ocouro  ao.  transducer  is  moved  back  and  foi”;h  on  the  lug. 

(4  Cor.p'art'  indlcu-ions  with  those  of  o.-o>.nd:ird  for  .ietenrimtion  of 
cittcks.  .Any  irdicatli->n  u:  to  or  greater  tlvtn  that  .obtained  from, 
o'andard  i;'  po.-ltive  Indlcatl.'T.  of  cmck. 
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Verif>'  crack  indications  by  rcmoyli^  pin,  cleaning  area,  and 
checking  by  vlsula  or  other  aeans. 

B.  Inspection  of  Outboard  Side  of  Bolt  Hole 

(1)  After  calibrating  inslnsnent,  repeat  procedure  on  outboard  side  of 
bolt  hole. 
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transducer  positioning  fixture 
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Horizontal  Stabilizer  Outboard  Front  Spar  Terminal  Fitting 

Figure  1 (Sheet  5) 
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SIMULATED  CRACK 


CRACK  RESPONSE  POINT 


BEAM  SPREAD 


SECOND  RESPONSE  FROM 

back  side  of  fitting  - 

DUE  TO  BEAM  SPREAD 
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CRACK  RESPONSE  POINT  AND 
APPROXIMATE  LIMITS  OF  LATERAL 
MOVEMENT 
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PART  6 - EDDY  CURFiENT 
STRUCTURES  - GENERAL 


1 . General 


A.  The  technique  for  inspecting  fastener  holes  in  aluminum  parts  was 
developed  from  data  derived  with  Boeing -built  probes  find  equipment 
specified  in  following  procedure. 

2.  Equipment 

A.  Instrument  Set  - Any  eddy-current  unit  designed  for  crack  detection  which 
is  comparable  to  those  listed  below. 

(1)  Magnaflux,  Magnatest  ED-500,  EP-510,  ED-520 

(2)  Uresco  FC-2001 

(3)  Foerster,  Defectometer  2.15^ 


B.  Probes  - Probes  used  in  this  pz’ocedure  should  have  the  following 
characteristics : 


(1)  Diameter  should  be  adjustable  to  obtain  a snug  fit  in  the  hole. 

(2)  Probe  should  be  adjustable  to  permit  depth  penetration  into  hole  to 
be  adjusted. 

(3)  Movement  of  the  coil  area  perpendicular  to  the  a>:is  of  the  hole  from 
its  set  depth  must  be  minimal  in  order  to  reduce  edge  effect 
interference.  Axial  probe  movement  should  not  produce  edge  effect 
interference  greater  than  20  percent  of  the  meter  response  from  the 
calibra  lng  crack  in  the  test  block. 

(4)  Probe  should  not  give  interfering  responses  from  normal  handl irg 
pressures  cr  manipulation,  or  from  normal  operating  pressure 
variations  on  the  sensing  coil. 


Hole  Diameter 


Probe  Diameter 


3/l6 
1/4 
5/l6 
3/8 
7/1 6 
1/2 


0.1375  inch 
0.2500  inch 
0.3125  inch 
0.3750  inch 
0.4375  inch 
O.5OUO  inch 


P'astener  Holes  in  Aluminum  Parts 
Figure  1 (:',heet  1) 
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C.  Test  Blocks  - Test  blocks  with  suitable  natural  cracks  or  artificial 
notches  to  simulate  cracks  in  each  of  the  hole  sizes  being  tested.  A 
Standard  test  block  should  meet  the  following  requirements : 


(1)  Block  should  be  of  aluminum  alloy  similar  to  the  material  being 
tested.  Aluminum  having  conductivity  within  5 percent  of  that  of 
the  part  being  tested  is  satisfactory. 

(2)  Block  should  contain  a suitable  range  of  hole  diameters  to  permit 
calibration  of  instrument  for  diameter  of  each  hole  to  be  tested. 

(3)  The  crack  or  >^otoh  in  the  block  must  give  an  eddy-current  instniment 
calibration  ' parable  to  that  obtained  from  the  recommended  Boeing 
test  block,  rtecortwended  test  blocks  with  applicable  diameters  are 
as  follows: 


Hole  Diameter 


Probe  Diajaeter 


3/16 

1/U 

5/16 

3/8 

7/l6 

1/2 


0.1875  inch 
0.2500  inch 
0.3125  inch 
0.3750  inch 
O.I375  inch 
0 . 5000  inch 


NOTE ; See  detail  I for  details  of  calibration  test  blocks , 


3 . Preparation  for  Inspection 


A.  Clean  loose  dirt  and  paint  from  inside  and  aro’ond  fastener  hole. 


B.  Remove  buildup  of  paint,  sealant,  etc.,  from  around  outside  of  hole 
where  probe  wi.  1 1 bear. 

NOTE ; If  surface  of  hole  is  extremely  rough,  a l/61-inch  cleanup  reajn 
may  be  necessary. 

1 . Instrument  Calibration 


A.  Attach  appropriate  probe  to  instrument. 

B.  Tura  instrument  on  and  allow  to  warm  up  per  manufacturer's  instructions. 

C.  Aele-t  appr.priatc  te.  t blO"-k  and  place  probe  In  hole.  Probe  should  fit 
snugly  but  not  so  tiglit  as,  to  cause  excessive  weai"  of  probe.  Expand 
Loose  pi’obe  t'J  obtain  snug  fit. 


; - '.rt 
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D.  Adjust  instrument  for  Lift-off. 

(1)  Place  sensitive  (coil)  part  of  probe  on  u I'iat  sui’face  of  material 
to  be  inspec  ted.  Because  of  edge  effect  interference,  place  coil, 
at  least  inch  a..’a,v  from  edge  of  part. 

(2)  Manipulate  probe  to  obtain  maximun  eddy-current  effect. 

(3)  Place  a single  sheet  of  oi'dinary  •.-.•r  I ting  paper  (approximate 
thickness  0,003  inch)  bef^een  probe  tind  material. 

(1)  Remove  paper  and  note  dircoti  c:  and  amount  of  deflection  of  needl.e. 

(0)  Adjust  lift-off  -'or.ti-o;  t ■ ottai;.  -litrLmum  needle  moveinent  •./hen  shim 
is  removed,  .,'hen  !io  needle  move.’iient  is  noted,  instrument  i:nd  probe 
have  been  cali'oruted. 

F. , Insert  probe  in  hole  in  test  block,  and  adjust  depth  in  hole  tc  obtain 
maximun  needle  deflection  or.  meter  from  edge  crack  (center  of  '^.11 
approximately  inch  deep  for  O.OjO-inch  edge  crack). 

F.  i-\djust  sensitivity  to  obtain  a minimun  jf  1 ' full  scale  meter 

deflection  from  .'•tfu\dprd  crack.  Instrument  is  nov.-  calibrated  f'or 
detection  of  edge  cra-'k  In  hole  to  be  inspected. 

G.  Insert  probe  in  test  block,  • d adjust  depth  in  hole  to  obtain  maximum 
needle  deflection  fiom  crack  l ocated  between  ends-  of  hole  in  test  block. 
Tighten  setscrew  on  col lar  of  probe. 

H.  Repeat  step  F.  Instrument  is  now  calibi'ated  for  detection  of  ci'acks- 
bet’.ifeen  ends  of  hole . 

Test  Procedure 


A.  Adjust  collar  on  probe  to  set  depth  of  penetration  into  hole  at  O.f." 
inch  fro.li  top  end  of  hole. 

E.  Tighten  collar  on  probe  and  insert  probe  into  ho  i e . .'  djust  ba''-.’ice 

control  to  bring  needle  approx i.matel,-'.-  to  'irids'-al  e . 

C.  Alowly  scan  entire  cii'cumference  of  hole.  Note  posit.iori  of  an;,  needle 
deflection  of  lOi'  -if  full  scale  or  greater,  giving  a positive  er'ick 
response . 

NOITI : / ;x3.sitlve  crack  resp>onse  is  chai'ucter ! zed  by  ra;  id  deflection 

the  meter  needle  over  a .short  scuii  distanc.-.  lef lection  occur- 
an  the  coil  moves  over  the  crack.  Thi.s  'uove.mei.t  i equivaler;t  to 
an  arc  of  aiiproximatel;;  AO  degifes.  iii  a l/  -inch  m teiier  hole, 
'ind  .10  degrees  in  a l/<’-inch  hole. 


i'anterier  Hole,  in  . lum.njm  i art: 
1 : tnu'e  ! V ,;hef  i - 
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D.  Note  locations  of  any  questionable  indications,  l.e.,  crack-like 
Indications  causing  needle  deflection  of  less  than  10%  of  full  scale, 
or  indications  not  conforming  to  a positive  crack  indication.  Perform 
a l/6U.inch  cleanup  ream  and  repeat  test,  paying  particular  attention 
to  areas  where  indication  was  noted.  Note  location  and  response  of  all 
positive  crack  indications. 

E.  Repeat  steps  B through  D at  Incremental  depths  of  O.O50  inch  and  0.025 
inch  from  bottom  end  of  hole.  Calibrate  instrument  as  directed  in 
calibration  procedure  for  each  step. 

F.  When  hole  is  reamed  to  clean  up  or  remove  cracks,  perform  eddy-current 
test  after  each  Increase  in  hole  diameter. 

G.  Recheck  calibration  of  Instrument  with  test  block  periodically  to  ensure 
proper  sensitivity  of  instrument. 

H.  Repeat  procedure  for  each  hole  in  area  to  be  inspected. 
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NO.  6 32  BOtTS  TYPICAL 
4 PLACES 


• to  • 

1.0 

1 

1 

— X 

"V 

Y 

1.0 

— X 

1 

— 20 



A — *-4  ^ 

A 

•ll'L 

SLOTg> 


NO.  2> 


SLOT 
NO.  llL- 


Xu 


.SLOT 
NO.  3 


SECTION  X X 


SECTION  Y Y 


NOTES 


TOLERANCE  ON 

ALL  DIMENSIONS  1 0.050 

INCH  EXCEPT  AS  NOTED 


ALL  DIMENSIONS  IN  INCHES 


SLOT 

NUMBER 


1 


3 


3 


A 

WIDTH 
0005 
0 005 
0.005 


B 

length 
0 060 
0 030 
0 030 


C 

DEPTH 
0 030 
oo:to 
0 030 


TOLERANCE 


+0000 
-0  001 


‘ 0 001 


< 0 001 


FINISH  REAM  HOLE  AND  DO 
NOT  DEBURH 

ELECTRIC  DISCHARGE  MACHINE 
PER  GIVEN  DIMENSIONS 


HOLE  DIAMETER  16  STANDARD! 

0 1B75  0.2500  0 3125 

0 3750  0.4375  0 5000 

TOLERANCE  *0.005  ON  ALL  HOLES 
-0  000 


CALIBRATION  TEST  BLOCK  DATA 
DETAIL  i 
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MODEL:  ALL 


b - KDDY  CURRENT 
, ;iYm.'iTn-L..:  - gkneivJ. 


1 . General 

A.  The  technique  for  inspectliv-';  I’-'lt  hole.-  in  . t.fvl  j.nrts  was  developed 
from  data  derived  hy  experiment  with  ;-oe ; n^j-hui  1 1 pi-obes  and  equipment 
specified  in  following  procedure. 


2.  Equipment 

A.  Instrument  :;et  - Mag; '.r. •'lux  or  “.M-’di 

B.  Hole  Pi'obes  - i robes  tv'  suit  diameter  .'f  hrk';- 

Ho  I e Jiaiueter  ; robi'  id'Wiietcr 


3/U'  inch 
i/I'  inch 
5/1 w inch 
l/''  inch 
7/lt  inch 
; /2  In^'h 

C.  Test  Blocks  - Use  test  block  tv 
size  hole.  I-abricute  blocks  of 
dimensions  shown  in  detail  1 . 

3 . Preparation  for  IncpecHo’i 


l.lS'i’5  inch 
'.25  •1'  inch 
■''.31  '5  inch 

■'  T'C,' 

' • ^ f . • > » i 

'.I'n'’;'  inch 
■ . ' -D  inch 

■ ;"tablifh  'X'v'.ty  oi  s;..'tera  for  each 
lo’.:  curb'oii  co-e]  ( 1 '0,  ''120,  or  l43l+0)  "to 


A.  Clean  loose  dire  ;oid  t fr  m in:  ; oc  ;u.d  ’ir 'lunl  I’a.'iener  hole. 


p.  Remove  buIMuL  f Cci!n‘.,  r iilnnt,  etc.,  ir  -i  i':.  tenor  hole  ■.■.•ht 

P'robe  •..'ill  be  HI'. 


NOTE:  If  rurf:n-t  -.r  h c i 

::ia;-  h-  r.Cv'c  .-h”  . 


'::;c 


u< 


» 


■ienc.u,  1'  nm 


■n.'trument  Jalibrutiou 


Idrn 


tr  i"ie 


M ; w ■> 


■■■Hvi  u; 
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C.  Adjust  inscnmeut  contr  ^ls. 

(1)  Set  frequency  selector  at  (9). 

(<2)  Adjust  liftoff  control  to  about  midrange. 

(3)  Adjust  sensitivity  to  maximum. 

( U)  Adjust  Instrument  for  liftoff. 

(a)  Place  sensitive  (coil)  part  of  probe  on  a flat  surface  of 
material  to  be  i;.spected.  Because  of  edge  effect  Interference, 
place  coll  at  'east  l/*4  Inch  away  from  edge  of  part. 

(b)  Manipulate  prcoe  to  obtain  maximum  eddy -current  effect. 

(c)  Place  a single  sheet  of  ordinary  vi'ltlr.g  paper  (approximate 
thickness  0.003  Inch)  between  probe  and  mat*  rial. 

(d)  Remove  paper  and  note  direction  and  miount  ol  deflection  of 
needle. 

(e)  Adjust  liftoff  contixcl  to  obtain  minimum  needle  moveu»nt  when 
shim  is  removed.  Whe  \ no  needle  movement  is  noted.,  instrument 
and  probe  have  been  calibrated. 

D.  Place  probe  in  proper  hole  in  test  block, 

NOTE ! Probe  should  fit  snugly  in  hole  of  test  block  as  well  as  in  holes 
of  part  to  be  tested.  A folded  paper  shim  may  be  inserted  into 
slot  of  the  probe  to  expand  probe  and  moke  a snug  fit, 

E.  Adjust  penetration  depth  of  probe  so  that  center  of  coll  crosses  middle 
of  notch  In  test  block.  Tighten  setscrev  on  collar  of  probe. 

F.  Bring  needle  to  center  of  scale  by  means  of  balance  control. 

G.  Rotate  probe  slowly  in  test  hole.  Note  meter  deflection  as  probe  crosses 
notch.  Efeflection  should  be  150  microamperes  (M/\)  or  greater,  reduce 
sensitivity  to  obtain  approximately  a ISO-MA  deflection  from  the  center- 
scale  position.  Inrtrmient  and  probe  are  now  calibrated  for  inspection, 

NOTE  : Unsat  Is  fact-'r,,  steel,  fastener  hole  prober  - Occasionally,  a pivibe 

may  be  selected  which  is  extremely  sensitive  to  the  notch  in  the 
test  block,  Thl;-  probe  may  cause  a deflection  of  UtiQ  MA  or  more. 
Minimum  instrument  sensitivity  adjustment  may  not  reduce  this 
deflection  to  the  s.pecified  15'  Mj\.  This  pr.ibe  must  be  discarded; 
it  is  too  sensitive  te'  be  used  for  inspection  of  steel  holes. 
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‘;'t  . I'O.vdui't* 


.idju.  t ■ I lav  V.  ]. 
iv'h. 

a depth  of 
incremental  depth 


obe  t , e"  depth  1 v 

; '!un  the  'omLlott'  'ei.-'v 

nch  from  top  of  hole:  ?•  ao.^'.i 

of  ' inch,  meav'ir  vl  nl 'tu:  •o  " 


i'.v'h  from  bottom  of  hole. 

Note  ,od‘i  r;  of  !ach  ii'.di  cat  Lov.  gi'/h-fj  ; i < ce  >> 
1"^  ii  iefle.-tion  r ate;-. 

Ndli'  : 


D'Csltlve  rcrpono'c  !v  cha.ractcr 
'alel  of  th.c  -neter  need,<  '/er 
ief’eot  lvt.  Ov'oura  av  th.c  1\- 
iic*ance  of  approximate'  1;, 

‘h:,  mov  ::;cr*-  e-  uiva'  ‘c  a 
for  a l''-i;.ch  fa' 'oner  hole  ;uv: 
flit' tenor  hole. 


■ : !'  t+  : to  h.  1 e at 
‘ 1 ■■  ho  1 e f i rr.  t at 
col  ! ar  ■ jvi  . c:m  at 

.f  h''-  . :miA  d.0‘-o 


f ■■.■■pro  imvo  el; 


old  'icf 
th  t a.;i  'e 


; 1 
nte 


•v:^.-cl  o^.-e--  ’hi  cv.ick,  n 

I:.  f;  nor  hole  in.  pect  ior., 
■•  . f .'X  ! mate  1 ■■'  dc.'ir  e.-' 

• ie^n  e for  a 1 ' - ! :.ch 


Note  ■'utior.  .''f  quest  lonal'I'  In.ii cv, : '1.  ' 'Icc.  ’ M , a' 

ind '.oat lour-  v.,'t  r.foxtsilt:^^  e.xa-.'tl.  to  v.  ; 's  t. '■.v  '.■•. 'k  indica'ion. 

! ei'fox'ti  cletu.  :p  !'•  am  -'f  lic'c  vj.-a  ve.eat  ei.r.  c.;x-!'e;it  te  t,  ;u;. 
tarti^.''.;dii-  attt  r.tior.  to  aix  a vheiv  oiv.ck  ii.e.’  at:  n ■■■’a.  i.ou'd,  . erfonii  a 

V;  01  '!.ve  ic  I'tali.i  ; '.•.’hi''h  intt'vfe j^er 
■•  i N't,  le  nd  i v.  und  re; 


cieanu;-  rea;n  of  hole  if  an  In-ej^ul 
’.sith  a prO;.er  eJd;/  ' ;rrent  ho  he 
of  ail  po:'itive  edd;  'urre^ut  Indi' 


;.oe 


.ftei'  re',onir.t  hole  • ;-em 
in  ‘rear;  in  holt  r. 


'X’ack. , vex-: 


. '0 'h‘- -k  re.'-*  hloc;<  p !■ 
''eptmt  . .■'CJ'd'ux'  f - ■ 


e.'.d'.  ■.;'■',■■  r.t  ..•Ix-ck  uftf  - each 


;v  p-'  '■  in.  • ' t ' -.■  ' t . 


:ch  h :• 
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O C>  E>  [i> 


TOLERANCE  ON  ALL 
DIMENSIONS  ♦ 0,060 

REAM  MOLES  FOR 
SMOOTH  FINISH 


NOTE  ALL  DIMENSIONS  IN  INCHES 


I— 0 002 
I*  0 0O1I 


SECTION  A-A 

■I  VPICALI 


CALIBRATION  TEST  BLOCK  DATA 
DETAIL  I 
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MODEL:  /LL 


FAKT  6 - EDPy  CURRENT 
STRUCTURES  - (ffiNERAL 


1 . Oenerl 

A,  When  alvutlnum  allo.vE  are  subjected  to  high  temperatures,  hardness  ol'  the 
metal  decreases  and  conductivity  values  increase.  The  extent  of  damage 

to  a structural  area  can  be  determined  accurately  by  rising  an  eddj  current 
instrument  to  measure  conductivity  of  the  material. 

B,  Aluminum  s^ructu  e can  withi  tand  laoderate  heat  (up  to  ''00*F)  for  shoi't 
periods  of  time  v»dthout  significrnt  lofs  of  sti'ength.  Sti-ucture  that 
exhibits  an  increase  of  conductivity  without  discoloration  of  the  green 
or  yellow  primer  (excluding  surface  smut)  maj’  be  considered  as  meeting 
the  design  minimum  properties  providing  the  conductivity  does  not  exceed 
the  following  limits.  Values  are  for  bai^  material.  Clad  material  will 
have  higlier  readings  dependent  upon  thickness  of  the  surface  coating. 


;\lloy  and  Condition 


1021-13,  T-- 
707Q.T6,  Toll 
707:;-T-. 
7075-T73 
7173-1^' 

201 --TO 


:^>IAC0  ( International  /innealed 
Copper  Standard i 

33. 

31.  .ot 

33.0'f 

3L  .O" 

L0.0-: 


NOTE:  Ihe  above  limits  an'  appl  i ';ible  on!  '‘o 

exhibit  primer  dic-coloiciti  :i. 


tru-ture  tha*.  n- 


Structure  exhibit  in,c  primer  disc  ' 1 crution  :iu 
bt-en  exposed  to  tomp'eratures  in  ex  't-.  c;  of 
are  not  rt  '0:Tjnended  for  preii  'tir^  *r-  :^-‘: 
cond'-'. 0*  ivity  'hfinge  at',  ve  'r  be'o-..-  ‘ h - 
considered  suspe  't. 


ti 


equipment 


A.  Instra;ne!;t  - Magn  .to.-t  c;  _■  , , o>  . , 

FM-1  ' I.'  ;A'!-taMe;  therefore,  it  ; moot  pro -t  i ■ 
streotures  beoauso  ?f  r.ccc.  0 ;b;  1 i f iroblem,  . 


i'roK'  - “lat,  o-urfuc 


P.  LO 


■'art  t' 
H-"2-2 


t igat: or.  Fi;\  Irmrvge  'n  ircrnft  tro-f.!;- 
Figure  ^ ■ heet  1 ' 
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3 * Preparation  for  'Testing 

A.  Thoroughly  clean  area  to  be  inspected  to  ensun'  good  contact  between 
probe  and  surface, 

U.  Instrument  Calibration 

A.  At'*ch  probe  to  Instrument. 

B.  Turn  instrument  on  and  allow  to  warm  up  accoi-dlng  to  mnriufacturer's 
instructions. 

C.  Ad,1ust  instruioent  for  lift-off  according  to  manufacturer's  Inctructi.'ns . 

. Inspection  Procedure 

A.  If  area  to  be  Inspected  is  large,  a grid  s.'.ctem  may  be  used  to  ensure 
complete  coverage  of  the  area.  It  is  suggestt^d  that  the  area  be  laid 
out  in  a manner  which  will  allow  rechecking  of  test  results, 

B.  Identify  material  to  be  tested.  Refer  to  the  appropriate  pti-uctural 
Repair  Manual . 

C.  Make  test  readings  cn  '.unaffected  material  to  obtain  comparative  data. 

NOTE ; If  different  tvpes  of  mate:  iai  are  used  in  inspection  ai'ea,  -nake 
sample  readings  from  each  t.vpe , Take  sample  i-eadlngs  on 
unaffected  portion  of  structure  periodical!;,  during  test  to 
ensure  proper  calibration  of  the  instrument. 

D.  Having  established  the  no:-nal  readinfp-  to  be  expected  from  the 
unaffected  structure,  make  i*;spection  readings  from  the  s'usi.ected  area, 
starting  on  what  appears  to  be  satisfactory  mater'al,  :u:d  working  toward 
the  center  of  the  suspected  aj-ea.  .c:y  rap'id  change  in  I'eadings  from 
those  obtained  on  the  unaffected  material  is  I'eason  to  believe  that  the 
material  under  probe  has  been  affected  by  heat. 

NOTE : It  is  possible  for  the  cjettr  needle  to  deflect  I'apldly  to  either 

side  of  the  scale  when  damaged  materia:  i.'  encoiu:tei'ed.  This 
deflection  is  caused  by  a rapid  change  ir.  the  mate:'ial 
conductivity . 

E.  By  working  the  probe  back  and  forth  over  the  area,  it  Is  noitnally 
posslb.e  to  determine  a defli’.ite  demarcation  ’ ine  betwee;.  affected  u:'-d 
'unaffected  material . This  should  be  di'uwt:  on  the  airfraiue  a:id  I'echecked 
in  o:'der  to  vei'iiy  that  all  of  the  affected  mate:'ial  has  bee:',  detected. 
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6,  Conversion  Factoid 

A.  To  convert  IAC3  to  conductivity  units  in  tieters/ohm-nm  squared, 
perform  the  following  operation: 

(1)  N X 0.58  a Conductivity  unit  in  meters /ohm -ora  squared 
(a)  Example:  Given  31'^  lACS 

N ■ 31 

31  X 0.58  =•  17.98  meters/ohm -ram  squared 

B.  To  convert  conductivity  units  in  meters /ohm -mm  squai'ed  to  ' lAC,'.,  ;e;:’  rri 
the  following  operation: 

( 1 ) meters/ohra-ma  squared  ■ IAC:> 

0.58 

(a)  Example;  Given  17.98  meters, 'ohra-m  squared 
a 31:'  lACS 


C.  To  convert  N,t  lACT.  to  resistivity  uiiit;'  in  m:.-ro  ohm-cm,  perfonn  the 
follo’wing  operation; 

(I"*  IX  i7d.ll  = hesistivity  unit;'  in  m!ero  oh;a-cm 
N 

(a)  Example:  G'v-.  i.  1 V ’ lA’-'. 

N = Id' 

1 X 17. '’.■•1  - I,  ',';.l  ;aiv'ro  ohm-om 
1^ 

T.  To  convert  resiotivit;  unito  in  chm-cm  to  perform  the 

follcwir^g  operation; 

(1)  17  .11  - lAC.- 

micro  ohra-.'’::: 

Example;  Given  ! ,7dll  mi -ro  ohm-om 
!7d.‘-l  - I'-.  I/AE 
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Comprises  21  chapters,  written  by  international  specialists,  on  the  various  methods  and  aspects 
of  Non-Destructive  Insr  ..ction  (NDl).  The  importance  of  NDI  is  stressed  in  improving  re- 
liability and  maintenance  and  in  its  contributions  to  the  economy  of  aircraft  operations  and 
to  design  philosophy  and  .safety.  The  aim  was  to  provide  common  ground  for  designer  and 
maintenance  engineer  by 


(i)  presenting  a comprehensive  collection  of  current  knowledge  on  NDI  practices  for  all 
engineers  and  management  concerned  with  aircraft  maimenance  and  inspection,  witli 
emphasis  both  on  the  capacity  and  limitations  of  the  various  methods  and  on  major  pro- 
blems describing  the  relevance  of  flaws  to  aircraft  safety. 

(ii)  informing  the  designer  about  the  capabilities  of  NDI,  explaining  the  procedures  which 
are  used  to  meet  his  requirements  for  quality  of  tbe  structure  during  fabrication  and  the 
means  which  exist  for  defection  of  flaws  and  cracks  in  service,  how  exact  and  reliable 
they  are  and  to  what  extent  he  can  base  his  design  assumptions  on  them. 
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